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Abstract 
This project focuses on the design, development, evaluation, and analysis of an adjustable 
vehicle suspension system. This system is aimed to improve vehicle performance on all terrain 
conditions from rough to flat surfaces. The proposed design is accomplished through the 
modification of a double-triangulated four-bar linkage suspension. The modifications allow the 
upper links of the suspension system to change vertical position on-the-fly, to meet operator 
preference. The position change alters suspension geometry and therefore the performance 
characteristics of the vehicle; specifically the anti-squat which impacts vehicle sag and therefore 
traction. Thus, traction is directly controlled through adjustments to the suspension system. 
Through video motion analysis of a prototype vehicle before and after the proposed design 
modifications, we rigorously evaluated the effect of the adjustable suspension system. Future 
applications of this design are expected to improve the performance characteristics of vehicles of 
all sizes, ranging from mobile robots to automobiles. In addition to scalability, the advantage of 
our design is the on-the-fly adaptability, which enables adjustments in suspension performance 
for the terrain or obstacle being traversed.  
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1.0 Introduction 
In 2008, 58% of all Sport Utility Vehicle (SUV) passengers involved in rollover 
accidents were fatally injured (Administration, 2008). In addition, in 2010 rollover accidents 
accounted for 35% of all vehicular occupant fatalities (Administration, 2010). The risk of rolling 
over is largely affected by a vehicle’s suspension system and how it counteracts external forces 
while the vehicle is in motion. Although, suspension systems have made significant progress to 
better mitigate the risk of rollovers, these accidents still occur frequently and are incredibly 
dangerous to vehicle occupants. The development of a universal 4 bar linkage suspension system 
that addresses this issue will significantly reduce the number of rollover accidents each year. 
This project focuses on a universal 4 bar linkage suspension system that will utilize semi-
active technology allowing the operator to adjust the geometry of the suspension using an 
interface. Altering the geometry of the suspension system significantly impacts more than just 
the stability of the vehicle. It also affects the behavior of the entire vehicle and how it will 
respond to different surfaces and maneuvers. This adjustability is expected to allow for the 
system to be used in a variety of scenarios that will far exceed the state of the art in suspension 
systems today. 
To alter the geometry of the suspension system, we utilize mechanisms to power 
instantaneous and independent motion in the linkage joints of the system. The position change of 
the linkage joints, as a result of the motion, occurs in the vertical (z) direction with respect to a 
predetermined origin (on a local nonrotating coordinate system). The operator determines the 
vertical position of the links through an interface. This allows the operator to adjust the system 
geometry to improve the efficiency and stability of the vehicle on a variety of terrains. 
An improved suspension system that effectively provides instantaneous adaptability 
would have potential in a plethora of fields and scenarios. This system could be used to improve 
performance and efficiency in drag racing, rock climbing, desert racing, military vehicles and 
more. In addition, the system would not be limited to strictly passenger vehicles; it could also 
improve the performance of mobile robots, toys, or any mechanical system that requires a 
suspension for its functionality. Thus, this suspension design is expected to make broad 
contributions far beyond our goal of improving vehicle safety. 
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2.0 Background 
 For this project there were a number of areas that needed to be researched before an 
adaptive suspension system design could be produced. First, it was critical to understand the 
different components that make up a suspension system. These components consist of springs 
and shock dampers. Springs and shock dampers come in a variety of styles which are used on 
vehicles of all sizes. It is important to understand each to determine which is best for specific 
applications. Also, vehicle suspension systems experience a number of anomalies while the 
vehicle is in motion. Therefore, another important area to research was these anomalies and the 
scientific explanations behind each. Next, it was critical to research the different types of 
suspension currently in use today. From vague suspension systems our research was focused 
onto linkage suspension systems for the purpose of this project. Once linkage suspension systems 
had been researched it was necessary to collect information on methods for producing motion. 
These methods include actuators and servomechanisms. Actuators and servomechanisms are 
available in a wide variety of styles. It is imperative to understand each thoroughly to determine 
how each perform in specific applications. Finally, it was necessary to analyze methods of 
producing a user interface that allows the vehicle operator to input geometric changes to their 
vehicle. These key areas made up the background research that was completed for this project. 
Each area was necessary for producing an adaptive suspension system. 
2.1 Springs 
Springs are considered the core component of all suspension systems. Springs carry the 
load that is applied to the vehicle and also absorb impact forces when traversing uneven terrain. 
Springs are elements designed to compress at a particular rate depending upon the application. In 
addition, they act as a connection between the frame and the tires. The various types of springs 
are: leaf springs, coil springs, the coil over (spring/damper elements), air springs and torsion bars 
(Figure 1) (Thompson, 2014). 
The desired characteristics of springs are based upon the application of the suspension 
mechanism. Spring application is a critical parameter to consider due to the wide variety of uses 
of automobiles.  For example, many vehicles are deigned to carry a heavy load; however they 
also need to perform efficiently when there is no load. Therefore, when designing a suspension 
system for a vehicle, the specifications of different springs need to be assessed to provide the 
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designed system with a spring that suits the vehicle’s application. Generally, automobile 
manufacturers utilize springs that ensure the most energy possible per unit volume is stored. 
(Nunney, 1998; Thompson, 2014). 
 
Figure 1: Spring Categories 
2.1.1 Leaf Springs 
 The leaf spring was invented by Obediah Elliot in 1804 and was designed to be used by 
horse and buggies (Figure 2). This design used two leaf springs in opposite directions to produce 
approximately an elliptical shaped spring. Over time, this design changed significantly and when 
the automobile was invented, a semi-elliptical leaf spring stack was utilized on those vehicles. 
The single leaf spring design was more stable and decreased the lateral movement in the rear 
wheels. This design was very versatile. If a heavier load was to be transported, the number of 
leaves per stack would be increased (see Multileaf Spring Figure 1). In addition, if flexibility was 
an issue, leaves could be swapped out for ones differing in width or thickness. Among the 
generalized “leaf spring” category, there are a number of subcategories that differ in style. These 
subcategories consist of multi-leaf springs, mono leaf springs (Figure 5) and tapered-leaf springs. 
These different types of springs all vary in their relationships of load versus deflection (Nunney, 
1998; Thompson, 2014).  
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Figure 2: Full Elliptical Leaf Spring Suspension 
 The double leaf spring setup utilizes one leaf spring stack per side for the rear suspension 
of the vehicle. The leaf springs connect the axle housing to the cabin of the vehicle by utilizing 
one stationary mount and one pivot point, both of which are attached to the frame.  In Figure 3, 
the leaf spring is bolted to the axle housing utilizing two U-shape bolts and a flat washer that 
mends the leaf spring stack to the axle housing. The semi-elliptic leaf spring is mounted to the 
frame utilizing a pivot bracket, also called a shackle (Figure 3). These shackles, whether on the 
front or the rear, are always located to outer ends from a side view. Therefore, the shackle for the 
rear end will be located in the back of the vehicle closest to the rear bumper. The other end of the 
leaf spring utilizes a stationary hanger that is secured to the frame. This stationary end allows for 
the axle to be located without the axle translating front and back resulting in a safety concern 
called rear steer. Rear steer is the act of the rear tires bounding in front of one another in relation 
to the axle center line, resulting in an overall rotation of the vehicle (Nunney, 1998). From a side 
view of a vehicle the stationary mount can be seen toward the center of the vehicle, and the 
shackle toward the outer end (Figure 4) (Nunney, 1998; Spike, 2010; Thompson, 2014). 
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Figure 3: Rear Leaf Spring Suspension 
 
 
Figure 4: Multi Leaf Spring Suspension System 
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Figure 5: Mono Leaf Spring Suspension System 
2.1.2 Coil Springs 
Coil springs, also referred to as helical compression springs, are the most produced spring 
for everyday vehicles and mechanical systems. The coil spring stores more than twice as much 
energy per unit volume than leaf springs (Nunney, 1998). Due to the design of a coil spring, the 
vertical separation between the frame and axle is much greater than that of a leaf spring. One 
flaw with coil springs is the narrow and vertical design allows the axle to transition in all global 
coordinates. This trait is unwanted because safety is a major concern when the axle housing 
starts to move laterally. Therefore, if a system utilizes the coil design, an additional axle housing 
locator must be utilized which increases cost as well as effectiveness (Figure 6) (Nunney, 1998; 
Spike, 2010; Thompson, 2014).  
As the coil is compressed under force, it also undergoes a twisting motion in which the 
axial load acting at a predetermined distance is equal to the mean radius of the coil turn (Figure 
6). This is the case for all coils whether there is; two flat, one flat, one tangent tail or two pigtail 
ends (Figure 7). Developing coils with different styles at each end affects the twisting moment 
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that the coil undergoes as it is compressed under a load. The application of the system design 
determines which style of coil spring is the correct option. A system that requires constant 
compression may utilize a double open ended coil spring (two pigtail end) to reduce twist. These 
ends will decrease the moment allowing for less creep on the system allowing for longer service 
life (Nunney, 1998).  
  
Figure 6: Forces and Reactions of a Helical Spring 
 
Figure 7: Coil Spring Designs 
2.1.3 Air Springs 
In comparison with the other springs, the air spring can store the most energy 
(Thompson, 2014). In addition, these springs allow for automatic load-leveling of the vehicle. 
Although the system can store more energy than other spring types, the applications remain 
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typically impractical. This is because air ride suspensions require heavy components to power 
the system. Air springs, which are relatively similar in shape to a coil spring, require a linkage 
locator in order to locate the wheel axis. The main difference between coil springs and air 
springs, is that the air springs are operated by a microprocessor. The air springs are manufactured 
out of air tight rubber bags that are filled and depleted by a two way valve. This valve is utilized 
to increase or decrease the air spring pressure dependent upon the terrain. The air spring is also 
commonly known as an air ride suspension (Figure 8) (Thompson, 2014).  
 
Figure 8: Air Spring Suspension System 
2.1.4 Torsion Bars 
 Torsion bars act as a linear spring that has one stationary end connected to the frame of 
the vehicle and one rotational end connected to the control arm. This style of spring produces 
torque to overcome the load force applied to the vehicle. As a linear vertical load is applied to 
the tires, the load is transformed to the torsion bar, which results in a twisting motion. When the 
load is released or reduced from the tires, the torsion bar untwists allowing for the bar to reset to 
its neutral position. This style of suspension has a very low-profile, requiring minimal mounting 
volume (Figure 9) (Nunney, 1998). 
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Figure 9: Torsion bar Suspension Systems 
2.1.5 Rubber Springs 
Rubber springs, although not always used as a primary source of spring medium, have 
been used since 1853 when Bristol and Exeter Railways used them on their locomotive tank 
engines. However, the use of rubber springs has not been as popular within the automotive 
industry. Today, rubber springs are used more for spacers and dampers between the body of the 
vehicle and the frame rail, known as body mounts. The elasticity of the mounts are large enough 
to reduce vibration for the passenger but not enough to be utilized as a primary spring medium. 
Along with body mounts, rubber springs have also been used as rebound buffers when a 
suspension element is fully compressed beyond the ride height to prevent metal to metal impact 
(Figure 10) (Nunney, 1998).  
 
Figure 10: Rubber Springs (Bushings) 
 The primary characteristic of rubber springs that has caused them not to be used in 
vehicle system suspensions is the creep rate of the rubber. In addition, there is a concern when 
dealing with the rubber that stiffness is directly related to temperature. This can cause a softer or 
stiffer spring rating depending upon the climate. This results in a non-predictable system which 
is unwanted due to potential safety risks. The effects of this unwanted result were experienced 
during the Challenger Disaster in 1986 which took the lives of seven onboard passengers. The 
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spacecraft exploded due to cold temperatures which caused the rubber O-rings separating the 
rocket boosters to fail (Challenger Disaster, 2010). 
2.1.6 Spring Causes and Effects 
 Springs constitute a significant part of any passive mechanical system that reacts to a 
given scenario. Springs, in the context of suspension systems, act as an energy storage unit that 
absorbs impact by decreasing the magnitude of the load between the suspension and the ground 
allowing for a smoother transition over a certain terrain. The stiffness coefficient of a spring is 
directly related to the load on the system and the distance of vertical motion or deflection that the 
system experiences. The units are therefore load per unit of deflection. Static deflection or 
vertical flexibility is defined as: 
𝑉𝐹 =
𝐹𝑁
𝑘
, 
where VF is the Vertical Flexibility, FN is the spring load and k is the spring rate. The normal 
spring load is less than the actual spring load by a number equal to that of the unsprung weight 
on the suspension (Nunney, 1998).  
The vertical flexibility is measured by the number of oscillations per second a sprung 
mass will perform when vibrating freely. Below is a representation of the oscillations per second: 
𝑁 =  
1
2𝜋
∗
𝑔
𝐷
1/2
, 
where N is the number of oscillations per seconds [Hz], g is acceleration in relation to gravity 
[9810 mm/s^2] and D is the static deflection [mm]. Modern vehicles average between 1 and 1.2 
Hz and from 225 to 175mm of deflection (Nunney, 1998).  
 Some vehicles, such as trucks, are built to sustain a heavy load; however these vehicles 
also need to function correctly without the applied load. Developing a system that can perform 
with or without an additional load has inherent limitations. These limitations can be mitigated 
through the use of an automatic leveling device that self-levels the suspension system. This 
system allows the vehicle to ride the same whether or not load is applied. These devices vary the 
resistance to stiffness or deflection dependent upon the load, therefore leaving the frequency 
constant. In general the front suspension system encounters obstacles before the rear does. For 
this reason the rear is usually set to compensate for the front using a higher frequency. Therefore, 
when the front encounters an abnormality, the absorption of energy in the rear will decrease the 
pitch of the system. This ensures improved ride quality. (Nunney, 1998; Thompson, 2014) 
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2.2 Shock Dampers 
Shock dampers, or absorbers, are used to dampen the motion of the springs. In the 
automotive industry, dampers and springs work in parallel. As a load forces motion upon the 
vehicle, the shock absorbers dampen the motion in order to reduce the vibration, amplitude and 
oscillation of the spring. This allows the spring to settle back to the ride height, or desired, 
position. Springs continue to oscillate for a given amount of time after hitting an imperfection in 
the terrain. Over time the springs naturally stop oscillating due to the natural damping coefficient 
of the material. Shock absorbers are beneficial because they drastically reduce the amount of 
time the spring oscillates which improves ride comfort and safety. Using a separate shock 
damper will decrease the time it takes to attenuate the spring oscillation. Without a shock 
absorber, the comfort and safety of the vehicle are decreased and the lifetime of the system is 
negatively impacted (Nunney, 1998; Spike, 2010; Thompson, 2014).  
2.2.1 Hydraulic Pressure 
The conventional style of hydraulic shock absorbers counteracts forces due to impacts 
with imperfections in the terrain. Hydraulic pressure is beneficial because the resistance 
produced to counteract this force is dependent on the magnitude of the force being applied. 
Therefore, if the applied force is smaller, the counteracting force will also be smaller and vice 
versa. This provides the system with variable resistance that varies based on the circumstance. 
The self-regulated shock allows for a small amount of automatic suspension adjustment for 
damping (Nunney, 1998; Thompson, 2014).  
2.2.2 Gas Pressure 
 Although a self-adjusting system appears to be effective there are negatives to the system. 
For example, conventional hydraulic pressure can allow foam to build-up during constant impact 
when the hydraulic oil interacts with air. Therefore, a gas shock absorber was introduced to 
eliminate this issue. The gas shock absorber was designed in two styles, the spiral groove method 
and the gas sealed method. The spiral groove method was invented to break down any bubbling 
to reduce the volume of the foam. Since there is less foam volume, the system can operate with 
improved performance. The gas seal method uses a cell, which is commonly filled with nitrogen 
or hydrogen, to provide a seal that keeps air out of the reservoir which results in no foam. This 
ensures that system is constantly performing close to its maximum potential (Thompson, 2014). 
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The process this type of hydraulic shock absorber undergoes is similar to that of a conventional 
shock absorber. However, instead of air pressurizing the hydraulic oil, nitrogen or hydrogen 
keeps the oil pressurized which results in no foaming (Figure 11) (Thompson, 2014). 
          
Figure 11: Conventional (Left) and Gas (Right) Shock Absorber 
2.2.3 Air Pressure 
 Air shock absorbers, similar to the air spring design, were invented to be able to manually 
fill the absorber with air depending upon the application. Many larger pick-up trucks utilize these 
shock absorbers to increase the damping effect during operation. Air shock absorbers can be 
filled in a number of ways. A household compressor system can connect to a valve similar to one 
on a tire. Or they can be filled using an onboard compressor that utilize gauges in the cab of the 
vehicle. This system can be used to adjust the amount of air in the shock absorbers (Thompson, 
2014). 
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Figure 12: Air Shocks 
2.3 Definitions and Scientific Rationale 
2.3.1 Anti-squat 
Anti-squat is a reaction generated by forces from the suspension system. These forces are 
largely affected by the suspension system’s geometry and they are used to counteract the sagging 
in the rear suspension which is caused by “squat”. Squat occurs when a vehicle accelerates or 
decelerates. The forward acceleration on the vehicle causes the large weight of the vehicle to be 
transferred primarily to the rear suspension. This means the load on the rear suspension is 
increasing as more weight is being transferred onto it (Wiers & Dhingra 2000). The increased 
load causes the rear of the vehicle to sag due to the compressive characteristics in the suspension 
and rear springs. In addition, a similar effect occurs in the front suspension system of a vehicle 
when it is braking, or decelerating. This condition is called a dive. A suspension system’s ability 
to counteract squat or dive is called the anti-squat.  
The load transfer during acceleration and deceleration occurs entirely through the 
suspension system. However, suspension system geometry can be designed to better counteract 
the forces and conditions caused by squat and dive (Smith 2002). To determine what designs are 
the most effective for counteracting these forces, it is necessary to determine how the forces are 
acting on the system.  
2.3.2 Roll-axis 
The roll-axis of a vehicle is the imaginary line from the rear roll center to the front roll 
center. The roll-axis is the line around which the vehicle would roll if it were to flip over 
(Sampson & Cebon 2003). The roll center is the single point about which the vehicle rolls when 
it is going around a corner. In addition, the roll centers in the front and rear of a vehicle vary in 
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position. The roll centers can be anywhere from a large distance above the ground to a large 
distance below the ground. If the roll axis runs nose down, meaning lower in the front of the 
vehicle than in the rear of the vehicle, that causes the vehicle to have oversteer. On the other 
hand, if the roll-axis runs nose up, meaning higher in the front of the vehicle than in the rear of 
the vehicle the vehicles tend to have understeer (Smith 2002). In addition, if the height of the roll 
center is the same in the back as it is in the front that causes the vehicle to neutral steer.  
 Neutral steer, understeer and oversteer are all conditions that are evident when a vehicle 
is cornering. Neutral steer is the condition when a car is cornering a constant radius turn and the 
driver does not need to increase or decrease the angle of the steering wheel as the speed of the 
vehicle changes. Understeer in the same turn is the condition in which the driver would need to 
turn the steering wheel further into the turn as the vehicle speed increases (or vice versa) (Haney 
& Braun 1995). The additional force required to keep the vehicle in the turn at the increased 
speed causes the front tires to rotate to a higher slip angle than the rear tires. Understeer is fairly 
stable in this situation because the worst case scenario is that the operator needs to turn the wheel 
extra to make the turn. As long is the operator is focused on the road there is time to break and 
drive through the corner. Oversteer in the same turn is the condition when as the vehicle 
increases speed, the driver needs to reduce the angle of the steering wheel. The force on the 
vehicle causes the rear tires to go to a higher slip angle than the front tires. This in return can 
cause the vehicle to spin out and the operator may not have adequate time to react in this event. 
For this reason, oversteer is an unstable condition and can be a significant safety risk. For this 
reason the majority of vehicles are manufactured to have slight understeer (Haney & Braun 
1995). 
 Manufacturers strive for a balanced car that neither oversteers nor understeers 
significantly during a turn. However, a slight understeer ensures the vehicle never encounters an 
unstable condition accredited to oversteer. In addition, a slight understeer actually aids the driver 
because it provides an engineering margin of safety. In racing, a slight understeer is also 
preferred because it allows the driver to power through the turn. 
 Determining the roll-axis and therefore the state of the vehicle (understeer or oversteer) 
can be accomplished using a kinematic approach. To do this, it is necessary to produce 
engineering drawings of the top down and side views of the suspension system, to scale on the 
same page. With the top down view above the side view and aligned perfectly at the wheel. Next, 
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it is necessary to determine the instant centers which vary depending on the type of suspension 
being used. For a 4 bar linkage suspension it is necessary to first find the instant center of the 
outside and inside linkages. This will create two intersection points. On each of these points a 
straight line should be drawn vertically through the side view. In the side view, it is then 
necessary to extend the bottom (outside) link until it meets the vertical line from the top view. In 
addition, it is necessary to extend the top (inside) link until it meets the vertical line from the top 
view. Again this should produce two points which should be connected by a line. Where this line 
intersects with the vertical line through the center of the tire is the roll center of that end of the 
suspension. After both roll centers are determined and the points are connected, the roll axis of 
the vehicle is determined. This kinematic approach can be seen in Figure 17. 
 
Figure 13: Determining Roll Center (Haney & Braun 1995). 
2.3.3 Anti-roll bars 
Anti-roll bars are mechanical or electromechanical systems with the sole purpose of 
improving the roll-stiffness of a vehicle. The roll-stiffness is the vehicle’s ability to resist rolling 
over during cornering. As the roll-stiffness improves, the vehicle’s stability also improves. Anti-
roll bars are particularly useful for safety due to the conditions a vehicle experiences during 
operation. For example, irregularities in the road or fast cornering are common conditions for a 
vehicle and the anti-roll bars, significantly help to resist the vehicle’s rollover motion. Without 
anti-roll bars vehicles would be far more dangerous. When the vehicle is cornering, the weight 
will shift toward the outside of the turn. This increased load on the outside of the turn will cause 
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the springs to compress. Meanwhile, the springs on the inside of the turn will either not move or 
will extend only slightly. If the vehicle’s speed is too fast or if the corner is too sharp its stability 
will be very poor and it will rollover. To provide the operator with a more stable condition anti-
roll bars are used (Sampson & Cebon 2003).   
Sway bars are the most common examples of anti-roll bars. Sway bars connect each of 
the rear wheels and each of the front wheels. This connection effectively couples the suspensions 
on each side of the vehicle; meaning that when one side of the vehicle is compressed the forces 
are distributed to the opposite side making it compress as well. Therefore, sway bars are used to 
increase the spring constant on the side of the vehicle that is being compressed the most 
(Sampson & Cebon 2003). This in turn makes the vehicle more level and safe during cornering. 
In addition, if the vehicle hits a bump on both sides (such as a speed bump) both sides of the car 
compress normally because neither side is compressing more. However, there are some negatives 
to sway bars. For example, while cornering into parking lots or uneven turns that have bumps. 
The vehicle is not hitting the bump head on but instead diagonally. This means that one side of 
the vehicle is compressing first due to this bump. In this situation the sway bars act the same way 
by improving the spring constant on that side. However, this is an unwanted result because the 
other side is hitting the bump immediately after. Therefore, the driver feels the uneven bumps 
even more so than if the sway bars were not installed (Sampson & Cebon 2003).  
To improve anti-roll bar technology, systems have been developed that can be either 
semi-active or active by the choice of the designer. Semi-active and active anti-roll bars are 
beneficial to a vehicle’s safety and performance because they can be used to lower the center of 
gravity of the vehicle. By lowering the center of gravity, the vehicle’s Static Stability Factor 
(SSF) is increased. SSF is the tendency of a vehicle to slide instead of rolling over, which is a 
much safer situation. This value can be determined using the following equation (Cronje & Els 
2004):   
𝑆𝑆𝐹 =  
𝑡𝑊
2ℎ𝐶𝐺
, 
where t is the width of the corner and hCG is the height of the center of gravity from the ground. 
In addition, semi-active and active anti-roll bars are beneficial to a vehicle because they 
can be used to increase the roll stiffness of the suspension. This is accomplished by increasing 
the vertical load that is transferred onto the tires. As the vertical load transferred to the tires is 
25 | P a g e  
 
increased, the lateral forces decrease. Lateral forces can cause the vehicle to be more unstable 
and can increase the chance of rolling over (Cronje & Els 2004). 
Semi-active anti-roll bars accomplish this by altering the viscous damping coefficient of 
the shock absorbers. However, semi-active technologies do not add additional energy to the 
system, they simply improve the damping coefficient. One of the most basic setups for this 
system is the use of a solenoid valve that alters the flow of hydraulic fluid within the shock 
absorbers. The valves are connected to a computer that determines the amount of hydraulic fluid 
necessary based on programed algorithms. Active anti-roll bars are different from semi-active 
systems because they provide an input force to the suspension system. This is generally 
accomplished through the use of actuators. These systems use sensors throughout the vehicle’s 
suspension to constantly assess the ride height. This information is sent to a computer that 
processes the data and uses the information to provide output commands to hydraulic or 
pneumatic actuators. As information is coming in to the computer it is providing almost 
immediate commands back to the actuators. The actuator motion is used to counteract lean or roll 
in any direction. Currently, active technology is very expensive. Although semi-active 
technology is less intuitive, it provides increased safety while being drastically cheaper. 
2.3.4 Pinion Angle 
The pinion angle is the angle between the centerline of the pinion gear in the rear end of 
the vehicle and the centerline of the driveshaft. The pinion angle is an important parameter to 
consider when designing a suspension system. This is due to the large forces that are loaded onto 
the rear end and rear suspension of the vehicle while it is in motion. The driveshaft applies power 
to the rear end and as this occurs the pinion gear naturally wants to climb the ring gear. As this 
occurs the gear housing in the rear, which contains the pinion gear, rotates around the centerline 
of the rear axle. The location of the pinion angle in respect to the vehicle can be seen in figure 
18. 
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Figure 14: How to determine the pinion angle of a vehicle 
 The most ideal pinion angle is when the pinion gear and driveshaft are perfectly aligned, 
or oriented at 180 degrees. However, as mentioned, when power is applied the tendency of the 
pinion gear is to rotate around the rear axle. Therefore, to achieve a pinion angle of 180 degrees 
when the vehicle is in motion it is necessary to displace the angle slightly when the vehicle is at 
rest. The initial pinion angle varies depending on the suspension system being used. Leaf spring 
suspension are generally less rigid and require a negative displacement between 5o and 7o. On the 
other hand, 4 bar suspensions are much more rigid and require a negative displacement between 
1 and 3 inches. If the pinion angle is displaced by this amount while the vehicle is at rest, it will 
rotate to the ideal position when the vehicle is in motion. This ensures that the angle is at the 
most ideal position possible. 
2.3.5 Center of Gravity 
 The center of gravity is the single point on which the total weight of the body, or an 
assembly of bodies may be thought to act on. The location of the center of gravity for a vehicle is 
an important parameter to determine when designing a suspension system. This is because 
several factors such as length and angle of linkages can have both improved performance, 
efficiency and safety if they utilize an accurate location of the center of gravity. To determine the 
location of the center of gravity it is necessary to weigh each wheel of the vehicle on a level 
surface. These weight measurements can be used to calculate the length and width dimensions of 
the center of gravity. In addition, to find the 3rd dimension of the center of gravity (height) it is 
necessary to raise one end of the vehicle. If the vehicle being analyzed has the engine in the 
front, the rear end is usually lifted for this measurement. Once the rear end is lifted the weight 
measurements for each wheel are repeated. Using both sets of weight measurements it is possible 
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to calculate an accurate location of the vehicle’s center of gravity. A commonly used approach 
for determining the center of gravity can be found in Appendix B. 
2.4 Suspension Systems 
Suspension systems are utilized to provide flexible support for vehicles. These systems 
are designed to isolate the forces on the vehicle while traversing imperfections in the terrain. 
This ensures that the vehicle is as comfortable and safe as possible for the occupants. In 2010, 
there were a total of 193,200 rollover accidents and 35% of those were fatal (Administration, 
2008, 2010). Rollover accidents are historically some of the most dangerous vehicle accidents. 
Suspension systems play a major part in mitigating the risk of vehicular rollovers by providing 
improved stability. Stability is especially important during accelerating, cornering and braking 
maneuvers. Suspension systems typically provide stability and comfort through the use of spring 
systems. These systems vary greatly and are used to ensure the vehicle is properly equipped for a 
specific range of functionality. Soft springs provide a more comfortable ride, however they are 
also more likely to result in a rollover due to exceeding the roll-axis at a given speed and 
cornering radius. On the other hand, hard springs do not provide the same level of comfort nor 
the same safety as soft springs. When cornering hard springs can also result in rollovers because 
the suspension has essentially zero absorption. This causes the inner tires to lift off of the terrain, 
exceeding the roll-axis and resulting in a rollover (Nunney, 1998; Thompson, 2014). 
2.5 Linkage Suspension Systems 
Whether the vehicle is a daily driver or a performance vehicle, the suspension system that 
is most common and suitable to withstand the extreme impacts of the terrain is a linkage 
suspension system. A linkage system is necessary when utilizing a spring suspension other than 
leaf springs. Unlike leaf springs, other spring types cannot centrally locate the axle because they 
only have two anchors. One anchor point is on the frame and the other is on the axle housing. 
The leaf spring on the other hand has three anchor points, two on the frame and a third directly 
half way between the two frame mounts that secures the housing to the leaf spring stack 
(Nunney, 1998; Spike, 2010; Thompson, 2014).  
2.5.1 Four Bar Linkage Suspensions 
Just like any other linkage suspension system, the four bar system is designed to centrally 
locate the wheel axis that the linkage system is connected to. The four bar linkage system is 
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designed to increase articulation and decrease wheel wrap. Articulation is the vertical travel that 
a quarter suspension system can translate. The application of the vehicle is used to determine 
how much articulation the suspension system requires. Wheel wrap occurs during acceleration. 
When a vehicle accelerates, the torque applied to the system will rotate the axle housing forward 
creating a wave motion throughout the leaf spring resulting in wheel hop. Wheel hop in turn 
decreases vehicle traction. In order to best eliminate wheel hop, the four link suspension system 
is employed (Spike, 2010). 
2.5.2 Current styles of Four Bars 
There are various types of four bar linkage systems. These types consist of the parallel 
four bar, single triangulated and double triangulated. The parallel four bar system has four 
individual links that run parallel to one another (Figure 14). The downside to this system is that 
the articulation is limited due to the link placement. In addition, the system must use a pan-hard 
bar in order to keep the axle from moving side to side. This lateral movement results in an 
unstable condition called rear steer. The single triangulated system uses four links. The two 
upper links angle out at an angle larger than 40 degrees. These upper links connect the 
differential mounts to the frame rails. The lower links run parallel to the frame rails connecting at 
a set distance depending on the suspension application (Figure 15). However, this system is 
limited because the links will not allow for maximum articulation due to binding. Binding occurs 
when the suspension system’s links hit each other during motion. The double triangulated system 
is by far the best four link suspension system. Similar to the single triangulated setup, this system 
uses two upper links that angle out at an angle larger than 40 degrees. However, unlike the single 
triangulated system, the two lower links angle in toward the center of the vehicle at an angle that 
is determined to be most effective for the vehicle’s application (Figure 13). This setup allows for 
maximum articulation without linkages binding. This is because the linkages will articulate in an 
arc at angles opposing one another. The only flaw with the double triangulated system is that the 
articulation is limited by the springs and shocks that connect the frame rails to the axle housing 
(Spike, 2010).  
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Figure 15: Double Triangulated Four Link Suspension 
 
Figure 16: Parallel Four Link Suspension 
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Figure 17: Single Triangulated Four Link Suspension 
2.5.3 Advantages vs. Disadvantages 
The advantages of the four link suspension system are the strength and versatility of the 
system. The four link suspension has the largest control over vehicle axle motion which results in 
very predictable suspension characteristics. Along with the control over vehicle motion, the four 
link system is much more adjustable when it comes to the suspension geometry. The system is so 
precise that when the geometry shifts or changes, overall performance measures change 
drastically. This can be a great asset when traversing various terrain. Drag racers utilize four link 
suspension systems to gain maximum traction resulting in more power transfer to the drag strip. 
On the other hand desert racers and every day off-road hobbyists alike use four link systems to 
maximize their articulation (Spike, 2010). 
One disadvantage of the four link suspension is that the design is very complex. This 
allows for possible errors to occur while determining the ideal suspension geometry for the style 
of terrain the vehicle will be traversing. As previously stated, the four bar suspension system is 
also a very sensitive system. Without fully understanding the geometry and how the geometry 
affects the characteristics, the operator could potentially produce the wrong performance 
specifications which could make their vehicle a safety risk (Spike, 2010). 
Overall, four link suspension systems provide the vehicle with a number of performance 
specifications that vary with the design geometry. The four link not only is fully adjustable when 
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designing the setup, but it is the suspension system to least likely result in wheel hop, wheel 
wrap or axle steer (Spike, 2010).  
2.6 Actuators 
Actuators provide a driving force and motion into a given mechanical system. An 
actuator’s motion can be controlled by a number of systems. These systems can be mechanical or 
electrical, computer programmed or human operated. After the control system provides input, the 
actuator produces its motion using an energy source. These energy sources are generally 
produced from either hydraulic fluid or pneumatic pressure or are electrically powered. 
2.6.1 Hydraulic Actuators 
Hydraulic actuators use fluid pressure to produce power for their functionality. The 
motion of these actuators can provide linear or rotational output. The advantages of hydraulic 
actuators are that they can exert a large force on the system. Also, they allow the operator to have 
precise control of the output motion. However, hydraulic actuators take longer than other 
actuators to gain speed and power. This is largely due to the fact that liquids are incompressible 
(Huber, Fleck & Ashby 1997). 
2.6.2 Pneumatic Actuators 
Pneumatic actuators function very similar to hydraulic actuators except they use 
compressed gas instead of hydraulic fluids. These mechanisms output linear or rotational motion. 
The advantages of pneumatic actuators are that they respond quicker than hydraulic actuators. 
Specifically, they respond much quicker to starting and stopping. This is largely accredited to the 
fact that the compressed gas power source does not need to be stored for operation. In addition, 
these actuators are cleaner than hydraulic actuators because if they leak they only contain air and 
not oil. However, pneumatic actuators require more space to produce the same force as other 
actuators and they produce a lot of noise. These two characteristics are not ideal for a system like 
a vehicle (Huber, Fleck & Ashby 1997). 
2.6.3 Rotational Servomechanisms 
Servomechanisms or “servos” provide a driving force and motion into a given 
mechanical system. Servos are powered by an electrical input and their motion can be controlled 
from a transmitter such as a remote control. Servos generally can be either position controlled, 
speed controlled or both. The output motion from a servo can be either rotary or linear. Servos 
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are produced in a variety of sizes but are generally small and used for remote controlled vehicles. 
For these reasons servos would not provide sufficient power for a full scale vehicle. However, 
they would be ideal for a lab scale prototype vehicle. 
2.7 Specifications for Road Legal Vehicles 
Neither the Massachusetts nor the Federal Department of Transportation (DOT) have 
stated regulations on the types of suspension systems allowed on motor vehicles. However, the 
DOT demands that all motor vehicles be inspected at least once a year. In these inspections the 
suspension system is analyzed for a number of factors and the suspension is required to pass each 
one. Therefore, if the suspension system is able to pass the vehicle inspection it is considered 
road legal. A list of the parameters analyzed during the inspections, from the official DOT sites 
are provided in Appendix A (DOT, 2014; Vehicles;, 2014). 
2.8 User Interface 
The suspension system will utilize a user interface that will allow the operator to adjust 
the actuator settings on the suspension. When the actuators extend or retract the orientation of the 
linkages will change. Therefore, the suspension geometry will be altered immediately. This will 
allow for the operator to choose the most ideal suspension geometry to provide the best 
performance characteristics for the terrain being traversed. There are a number of systems that 
can be utilized for this interface. Such interfaces include: remote controls, switches, joysticks or 
touch screens. As adjustments are made by these interfaces the input will be read by software 
that will output the appropriate actuator motion. It was determined that the system should utilize 
the operators experience. This means that any adjustments will only occur when the operator 
interacts with the interface to make the change. In addition, for this projects purposes it was 
determined that a remote control should be used as the user interface. This remote control 
approximates an in-car interface which is a long term goal of this project for full scale vehicles. 
The suspension system will not use “smart” technology that reads inputs, computes an 
algorithm and alters the geometry to best accommodate the input. This is because the system 
would consistently be changing throughout the vehicles motion. The constant motion would pose 
a potential risk because of imperfections in the terrain. The suspension would attempt to 
accommodate the past sensor readings while constantly hitting new imperfections in the surface.  
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In our opinion, an interface that utilizes the operators experience is the most ideal for the systems 
we are appealing to. 
 
2.9 Project Foundation 
2.9.1 Lab Scale Prototype 
 The project at hand requires a vehicle or mechanical system that uses a suspension 
system to serve as a prototype. The vehicle chosen needs to have an open framework above the 
rear suspension, and/or have the ability to easily remove the body from the vehicle. In addition, 
the vehicle needs to be easily tested, analyzed and presented. For these reasons it was determined 
that an RC car lab scale prototype would be used as the foundation of the project. An RC car is 
an ideal choice to meet our requirements. First, the body of the RC car can be easily removed 
from the frame of the vehicle which allows for adequate space for our design. Also, the RC car is 
small and light enough that it can be easily transported and tested in a number of fashions. 
Finally, the lab scale prototype is beneficial because it provide evidence of our system 
scalability. If our system can be produced and proved to work correctly on a lab scale prototype, 
it could allow our system to be used on a variety of vehicles of different sizes. The method we 
will be using to produce this prototype is 3D printed and laser cut plastic. Overall, a lab scale 
prototype is the ideal foundation for this project as it both proves scalability and provides a 
method for testing and displaying our results in a small space. 
2.9.2 The Jeep Forward Control 
 In addition to a lab scale prototype, the initial intention for this project was to produce 
our prototype suspension for a full size vehicle. The type of vehicle that was to be used was a 
pickup due to the ease of access and space over the rear. The vehicle initially chosen for this 
project was a Jeep Forward Control for its availability. Throughout our project our suspension 
design was preliminary made for the full scale vehicle. Later our full scale design was scaled for 
our lab scale prototype vehicle. The Jeep Forward Control (Jeep FC) was manufactured from 
1957 to 1963 with several body style variations. The most popular body style produced was the 
pick-up. This style was produced in different series, the FC-150, FC-160, FC-170, FC-180 and 
the FC-190. Similar to current styles of lightweight vehicles, the increase in series number 
determines the increase in gross weight. Unlike current lightweight trucks, the Jeep FC has a 
forward control style body. The forward control setup refers to the cab design. The cab is a “cab-
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over” style in which the passengers sit directly above the engine compartment. This style has 
long been used in the United States due to the safety considerations for the industry standard.  
The Jeep FC-170 was the middle class pick-up of the day. The 170’s gross weight is 
7,000 pounds compared to the smaller FC-150 at 5,000 pounds and the larger FC-190 at 16,000 
pounds. Along with the lower than average gross weight, the vehicle has increased handling and 
stability due to the wheelbase and width of the vehicle, which makes the vehicle very desirable. 
The FC-170 wheelbase is 108 inches and has width of 57 inches. The mixture of an extended 
wheelbase from the FC-150 and width of 57 inches made the FC-170 the most produced Jeep 
pick-up produced between 1957 and 1963. All in all, the Jeep FC-170 was an ideal foundation 
for this project and for these reasons was the original full scale prototype vehicle for this project. 
However, due to size restrictions and complications with testing the lab scale prototype vehicle 
was final prototype of this project. 
  
 
  
35 | P a g e  
 
3.0 Goal Statement 
The goal for this Major Qualifying Project was to produce a semi-active 4 bar linkage 
suspension system with improved performance characteristics, situational comfort and safety 
through the adjustment of the suspension geometry. This adjustment was accomplished through a 
user interfaced that allowed for immediate and exact position adjustments. The system is 
adaptable to any vehicle or mechanical system that requires a suspension for its functionality. 
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4.0 Methodology 
4.1 Determination of 4-Bar Linkage Suspension Degrees of Freedom 
 Before beginning the design process for our suspension system, it was determined that 
the degrees of freedom for a standard 4-bar linkage suspension system should be analyzed. To 
complete this, the entire suspension system was drawn as ground, links and joints. This drawing 
and our calculation can be seen in Appendix D. From the drawing it was determined that the 
standard suspension system has five links. The first link is the vehicles rear axle housing and the 
remaining four links are the upper and lower suspension links that locate the rear axle housing 
relative to the frame. Also, it was determined that the suspension system has 8 joints each of 
which have three degrees of freedom. Using this information the Gruebler’s equation was used to 
calculate for the degrees of freedom. It was determined that a standard four bar suspension 
system has 6 degrees of freedom. These degrees of freedom are the rotation, in the vertical 
direction, of the non-grounded axle end joints and the rotation of the links about the joints. 
4.2 Determination of Anti-Squat 
One of the project’s major goals was to modify the current 4 bar linkage suspension 
system, specifically through the variation in the vertical positions of the individual heim joints. A 
heim joint is the ball and socket fixture that is mounted to the desired link in order to create a 
link which locates the axle. However, it was still necessary to determine the vertical range of 
motion required to achieve the desired range of anti-squat. To determine the range of anti-squat, 
numerous anti-squat calculations were reviewed and analyzed to ensure all of the information 
was correct. Using this research, a Matlab script was developed that used the X, Y and Z 
coordinates of both the frame end and axle end heim joints. The Matlab program used these 
coordinates and a set of calculations to provide the anti-squat experienced at the position of the 
heim joints. The program was tested and was determined to be accurate compared to existing 
hobbyist calculations (Barcroft, 2014). This proved that our calculator provided feedback 
accepted by individuals in the field. 
The calculator produced can be found in Appendix E. This program begins by defining 
the vehicle’s mass, the unsprung mass (all equipment mounted below the suspension of the 
vehicle to include but not limited to tires, wheels, brakes, axle components and links), the radius 
of the tires, the length of the wheelbase, and the Z coordinate of the center of gravity. Each of 
these values for our prototype vehicle were known and were defined as different variables within 
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Matlab. Next, four 1x3 matrices were created in the form of the X, Y and Z coordinate of both 
the frame end and axle end heim joints on both sides of the vehicle for the upper links. Using this 
vector, the length of the vector and then the unit vector were calculated. Next, the intersection of 
the upper link coordinates at the frame end and axle end were determined using an external 
Matlab function. This external function was found on a Matlab database. This function produces 
the intersection point of the two frame end and the two axle end sets of coordinates which are 
essential pieces in the anti-squat calculation. Then, the slope of the line from the axle end 
coordinate to the frame end coordinate is calculated. This procedure was repeated exactly for the 
suspension systems lower links, with each value being given a different variable name. 
Once the intercept and horizontal slope for the upper link and lower link coordinate sets 
was determined, it was possible to calculate the anti-squat as a percentage. First, the X and Z 
coordinates of the instant centers for the upper and lower links were calculated. Then, the anti-
squat center of gravity was determined. Once each of these values had been determined the anti-
squat percentage was calculated.  
Using this program, our team was able to adjust the location of the heim joints to 
determine how the anti-squat was affected when the location of the heim joints varied. Most 
importantly this calculator was used to determine the exact range of motion, in the Z direction, 
that was necessary to produce the desired range of anti-squat.  
4.3 Design Constraints 
Before a design can be formulated it is imperative to first look at the area in which the 
design will be implemented to assess the constraints in which the design must fit. In our case the 
design could not be wider than the width of the frame in order to keep the components from 
protruding from the vehicle, which would not provide adequate protection for the system. 
Likewise the system could not extend too far downward beyond the bottom of the frame rails in 
order to provide ample clearance from brush and other obstacles the vehicle could encounter 
while driving off road. The system could extend upward beyond the frame rail though if 
necessary since there are no integral components of the vehicle body in this area. 
4.4 Modeling 
With the design constraints in mind, measurements were taken for the entire frame of the 
full scale vehicle. These measurements provided the necessary information to create a 3D model 
of the frame in Solidworks. This model was a valuable way to visualize the area our system was 
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constrained to. The advantage of using a 3D modeling program such as Solidworks to create 
preliminary design models is that it minimizes the use of raw materials and a precise model with 
accurate dimensions can be created. This allows for many designs of many shapes and sizes to be 
designed to see how they fit within the frame. In addition, parts created in this program can be 
easily 3D printed and fitted to the frame to assess their compatibility with other components 
before actual fabrication begins. Also, parts in Solidworks can be easily scaled to customize parts 
for different sized vehicles. 
The frame measurements were taken using a soap stone and a tape measure. All of the 
measurements taken were compared to manufacturer frame specifications from a Jeep FC-170 
technician manual (Jeep, 1964). Since the frame of the vehicle is curved in more than one 
direction a 3D sketch curve was necessary to mimic the path for a sweep extrude of each frame 
rail. This curve was created by sketching on the right and top planes. The measurements from the 
side of the right frame rail were sketched on the right plane and the measurements from the top 
of the right frame rail were sketched on the top plane. These two sketches were combined into 
one 3D curve using the projected curve tool. Then, the profile of the frame rail was sketched on 
the front plane coincident with the end point of the projected curve. A swept extrusion was then 
utilized to complete the right frame rail, selecting the projected curve as the path and the 
aforementioned rail profile for the extrusion profile. Since the right and left frame rails are 
symmetric, creating the left frame rail was much simpler than the steps taken to create the right 
side. This body was simply mirrored over a plane offset from the right plane half the width 
between the frame rails to ensure symmetry. With completed models of the frame rails designed 
for our system, preliminary designs could begin to be produced.  
4.5 Preliminary Design Options 
Once background research was complete, it was utilized to produce task and performance 
specifications for our system design. These specifications can be found in Appendix G. Using 
these specifications, two preliminary design options were produced. For each of these options, 
the axle end section was designed exactly the same. This is because our goal was to improve the 
performance of the vehicle through the motion of the lower linkages at the frame end. The range 
of motion required to produce significant changes in the anti-squat and roll stability is far less at 
the frame end than at the axle end. In addition, any motion at the axle end is undesired because it 
would cause the entire rear axle of the vehicle to move which could produce a safety hazard. 
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Therefore, the axle end design was identical but the frame end design varied for each preliminary 
design option. The frame end section of the suspension is called our “universal suspension 
system”. This is because it was our primary goal to produce a suspension system that could be 
universal to a number of vehicles and systems. 
The rear axle housing was another major component to consider in our suspension system 
constraints. The rear axle housing, as well as the frame rails, were the foundation that would 
determine the object placement for our suspension design. The frame rails and the original axle 
housing can be seen in Figure 18. To replicate the rear axle housing being used for this project, a 
premade axle housing from GrabCAD, a Solidworks CAD model database, was used (GrabCAD, 
2014). However, after reviewing the premade axle housing it was determined, for simplicity, to 
use a hollow tube as our axle housing with the same overall dimensions. Next to be designed 
were the individual components of the system. 
 
Figure 18: Frame Rail and Differential Assembly 
Design work of our suspension system components began with the creation of the axle 
bridge, which is mounted to the axle housing. This particular bracket is formed in a way that 
mimics the shape of the rear differential. The axle bridge serves as a base for two of the eight 
heim joint brackets that locate the rear axle. Due to the shape of the differential, mounting the 
heim joints directly to it, is difficult. Therefore, the axle bridge is necessary to easily mount the 
two heim joint brackets that would otherwise lie on the differential. Once the heim joints are 
fastened to the brackets, the rear axle housing is no longer able to translate in the X and Y 
directions. The X and Y directions are towards the front of the vehicle from the rear and from 
one side of the vehicle to the other respectfully. Therefore, the Z direction is from the ground to 
the top of the vehicle. The heim joint brackets on the axle bridge were designed around the 
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dimensions of the heim joint. The heim joint brackets were designed to have a high strength to 
weight ratio. The brackets used 0.375 inch steel plating and were designed to be as small as 
possible without binding during link movement. This allowed for adequate clearance while 
remaining light such that the weight of the brackets would not interfere with vehicle 
performance. In addition, these brackets were duplicated for the remaining stationary heim joints 
in the suspension system. The axle bridge and heim joint brackets can be seen in Figure 19.   
 
Figure 19: Axle Bridge and Heim Brackets 
Next, the heim joints were modeled in Solidworks using pre-purchased heim joints. 
Accurate measurements of the heim joints were taken using calipers and an exact replica was 
produced (Figure 20). The heim joints were purchased from a professional catalog. The heim 
joints were selected because they had the desired quality and strength characteristics for our 
application. In addition, the joints were manufactured by a reputable and popular manufacturer 
and the exact style is commonly used on various professional vehicles. The heim joints were 
manufactured to allow for 360 degrees of rotation about the bolt that mounts the joint to its 
bracket. This bolt fits through the hole at the top of the heim joint. In addition, this heim joint 
allows for 32 degrees of rotation from side to side for misalignment. This rotation ensures that 
the links of the suspension system will never bind during use. 
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Figure 20: Heim Joint 
 The wheelbase and the ride height of the vehicle were chosen based on design preference. 
These lengths were 110 and 26 inches respectfully. These numbers were chosen based on the 
current size of the Jeep FC-170 frame as well as the tires going to be used on the final vehicle. 
These values were programmed into our anti-squat Matlab calculator to determine the necessary 
link lengths for our desired range of anti-squat. Anti-squat, ride height and roll axis were also 
determined by design preference. Each of these values were determined based upon vehicle 
applications this system should appeal to and the terrain those vehicles traverse. Once the link 
lengths were determined the links were modeled and assembled with a heim joint on both ends of 
the tube (Ruffstuff Specialties, 2014). A complete links, with heim joints, can be seen below in 
Figure 21. 
 
Figure 21: Suspension Link 
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4.5.1 Design 1: Coordinate Grid Design 
The first preliminary design consisted of a rail system that was used to guide the heim 
joints up, down, left and right, on a coordinate plane, independently of one another. The 
components considered for this design were two ball-screw actuators to control vertical motion 
and two hydraulic actuators to control horizontal motion. This design can be seen in Figure 22. 
For this preliminary design the lower link heim joints were fixed to custom brackets that 
mounted directly to the ball screw actuators located forward of the rear axle. When the ball 
screw actuator was used it would move the entire heim joint up or down. The ball screw 
actuators were then mounted to t-shaped brackets with guide holes that allowed the t-bracket to 
be slide on the rail system. A hydraulic actuator was then mounted to each of the t-shaped 
brackets which provided the horizontal motion to the heim joints. The hydraulic actuators were 
also mounted to a stationary plate equidistant from the left and right frame rails. Since two 
actuators are used for each heim joint, this design allowed for independent horizontal and 
vertical motion at each joint. 
Figure 22: Coordinate Grid Design 
This design has many characteristics that benefit the suspension system’s functionality. 
First, this design uses four actuators which allows for the independent horizontal and vertical 
motion for each of the lower links. This means that the frame end position of the lower links 
could be the same or different for each link. Although most use cases require a symmetric 
suspension geometry to ensure the vehicle drives straight and performs consistently, some 
drivers could benefit from a nonsymmetrical geometry. For example, in drag racing the vehicles 
perform differently on different drag strips. Specifically, their cars will have the tendency to roll 
left or right when the driver launches from the starting line. The driver needs to compensate for 
this which could potentially mean losing the race or worse threatening the safety of those 
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involved. Allowing the suspension geometry to differ on either side of the vehicle would allow 
the driver to preload one side using their experience. If the driver noticed the vehicle had the 
tendency to roll left or right they could preload that side. This would allow for a straight launch 
from the starting line which would improve performance and increase the safety of the event. 
Another benefit of this preliminary design is that it would function properly over our 
desired range of motion, which was 5 inches in the horizontal and 15 inches in the vertical 
direction. In addition, this design showed promise in terms of the in-car interface. Since the 
system used frame rails that acted like a coordinate grid the in-car interface could have used 
coordinate pairs to adjust the location of the heim joints. The interface could use a grid to display 
the position of the heim joints from origin. The driver could then alter the X and Y coordinates 
and the actuators would make the appropriate change to the heim joints. Also, the interface could 
have preset physical characteristics which correlate to preset coordinate pairs. It appeared that 
this preliminary design could have a simplified and easy to use in-car interface. 
The first major disadvantage was the system is very bulky and would require a large 
amount of space. The frame of the vehicle would have to be built up to house this design. This is 
a huge con because most vehicles do not have adequate space to accommodate such a large 
design. Therefore, this design would be restricted to only a few vehicles. Another concern of this 
design is that it would require telescopic links. This is because the axle end brackets are 
grounded to the axle which remains stationary when heim joint location is adjusted. Therefore, 
any motion produced by the actuators will require the link to expand or retract. This means a 
method would need to be developed to ensure the links are able to expand and contract 
appropriately with movement without sacrificing the structural integrity of the suspension as a 
whole.  
4.5.2 Design 2: Rotational Actuator Design 
The second preliminary design was developed in the hopes of minimizing the amount of 
space required for the universal system. This design, which can be seen in Figure 23 below, 
utilizes a single steel pipe cross member which connects to the inside of the vehicles frame. For 
this design the two heim joint brackets are connected to circular tubes. These tubes would have 
an inner diameter just larger than that of the steel pipe cross member. Also, the inside of the tube 
would be lubricated or have a low friction bearing to allow it to both rotate and translate with 
ease. For this design, two hydraulic actuators would be attached to the steel pipe just to the left 
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and right of the center line. This hydraulic actuator would be connected to the pipe using a 
similar tube piece. However, the actuators mounts would only allow the actuator to rotate with 
the steel pipe and the mount would be made to ensure the actuator could not translate at all. 
Using two actuators in the horizontal direction would ensure that the horizontal motion of each 
heim joint could be independent.  
On both ends of the steel pipe reside rotational actuators. These actuators would be fitted 
into the interior of the vehicles frame. Rotational actuators rotate using a rack and pinion. When 
the actuator was given the information to move, the rack arm would either push or pull. This 
motion would apply a clockwise or counter-clockwise rotation on the pinion which is connected 
to the steel pipe. The steel pipe would then rotate both the hydraulic actuator and the heim joint 
bracket. This rotation would be used to provide the change in vertical height of the upper link 
joints. When the actuator rotated one direction the bracket would rotate towards the top of the 
steel pipe increasing its height relative to the origin and when it would rotate the other direction 
the bracket would rotate towards the bottom of the steel pipe decreasing its height. This design 
can be seen in Figure 23. 
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Figure 23: Rotational Design 
This design also allows for independent rotation on either side of the center line of the 
steel pipe. To accomplish this a race bearing would be used at the center line. The race bearing 
would be connected to a piece of steel flat stock at the center of the steel pipe. On either side of 
the flat stock would be a small cylinder made of a low friction material with bearings on it that 
would sit inside of the steel pipe. In addition, on the other side of the pipe, the rotational actuator 
would be connected to the interior of the steel pipe. The interior of the pipe would be keyed so 
when the pinion gear rotated the steel pipe would rotate with it. This design would ensure that 
the vertical motion for each of the heim joints would be independent because each side of the 
pipe would be capable of rotating freely. This design can be seen in Figure 24. 
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Figure 24: Rotational Design (cross-section) 
This preliminary design had many areas that would benefit our suspension system. Most 
importantly, this design drastically reduced the amount of space required to house The majority 
of the system would be houses around a pipe cross member and the frame would only need to be 
built up a little to fit and mount the rotational actuator. In addition, this design would allow for 
the independent vertical and horizontal motion at the end of each of the upper links. As stated 
above this is an important criteria.  
However, this design also had many issues and concerns. One of the most major concerns 
of this design was similar to that of the coordinate grid design. Although this design did 
significantly reduce the amount of space required to fit the system, it also would require links 
capable of expanding and retracting. Any rotational motion applied to the steel pipe would cause 
the position of the link end to change. This change in position would require the link to either 
expand or retract to ensure that the rear axle was not being pulled toward the front of the vehicle. 
Therefore, a method would need to be developed to ensure the links were capable of this without 
sacrificing the structural integrity of the suspension system. 
Another concern of this system was that rotational actuators are generally incapable of 
producing a large amount of torque. This means that for the actuator to produce rotation the steel 
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pipe would need to be light. However, this pipe would be made of thick steel and would be 
heavy. This would make it very difficult, if not impossible, to find an actuator that fits our 
functionality. Also, suspension systems experience a tremendous amount of force during the 
operation of the vehicle. Although, the hydraulic actuator and bracket would be mounted to 
rotate freely together, there is a good chance that a large force could focus on one end causing 
one of the parts to rotate more or before the other. This would put a torque on the actuator piston 
which would destroy the actuator. In addition, while in use actuators are supposed to remain in 
place. This system would require the actuators to rotate regularly. This movement is a concern 
because it could cause the hydraulic fluid to leak out of the actuator or it could cause the 
actuators electrical wires to become damaged making them ineffective.  
Finally, the individual race bearings on either side of the center plate is not ideal. This 
plate would be very difficult to mount to the frame because it would be located at the center of 
the vehicle. This means a mount would have to travel all the way to the frame or it would need to 
be mounted on a different part on the vehicle. This section of the design would require additional 
research and design to determine if it is even possible. Also, for every vehicle the location of this 
mount could vary. This would not allow for one single universal system. 
4.5.3 Design 3: Single Motion Design 
 After the first two preliminary designs had been developed and discussed, it was 
determined that both designs would require additional work in two critical areas. The first area 
was the links. For each of the preliminary designs the links would need to be able to expand and 
retract to allow for the proper motions. This was a concern because for every motion these links 
would also need to produce an appropriate response motion for the system to function and move 
correctly. It would be difficult to find links capable of expanding and retracting that would also 
be capable of sustaining the forces that are generally applied to suspension systems. In addition, 
these links are generally large, heavy and expensive, which makes them not ideal for our 
suspension system. 
The second major area of concern was the space required to house the universal system. 
Although the second preliminary design did provide a more compact option capable of 
producing the necessary movement, our design still required 5 inches of horizontal and 15 inches 
of vertical motion to provide the anti-squat and roll stability goals desired. The necessary vertical 
motion is very large and would require significant space to accommodate. This is problematic 
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because both preliminary designs would need a lot of free space on a vehicle to be installed. 
Most vehicles do not have the amount of space our designs would require which would 
significantly reduce the number of vehicles that could support our suspension system. For these 
reasons the total size of the designs were being reviewed for redesign.  
While determining methods for overcoming these two critical concerns, two key findings 
were made that drastically affected our redesign. The first of these findings pertained to the 
horizontal motion. Horizontal motion of the heim joints on the lower links strictly affects the roll 
center and axis of the vehicle. The roll axis is a key safety factor because it determines the line 
about which the car will roll. This axis needs to be optimized to ensure vehicles are as safe as 
possible while cornering and traversing obstacles. For this reason it makes the most sense to 
ensure the vehicle is as safe as possible at all times. In addition, the roll axis does greatly affect 
the vehicles overall performance; however, the change in the horizontal position does not greatly 
affect the roll axis. This information lead us to determine that the change in the roll axis desired 
was negligible and not beneficial to the system. Instead, the horizontal location of the lower links 
should not vary but should be fixed in the most ideal location. For these reasons horizontal 
motion was eliminated as a design parameter and the future designs focused only on vertical 
motion. 
The second of these findings pertained to the vertical motion. Using our anti-squat 
calculation we determined that the range of motion required to provide the range of anti-squat we 
desired could be significantly reduced if the vertical position of the upper links, instead of the 
lower links, was altered. This finding provided a number of potential benefits to our design. 
First, the brackets in the middle of the vehicle would be grounded to a support beam added 
across the frame. Therefore, no actuated motion would occur in the center of the vehicle; instead 
all actuated motion would occur with the upper links fastened to the vehicles frame. The vehicles 
frame would still need to be built up at these brackets to accommodate the housing of our 
system; however, the vertical distance the heim joints travel would be drastically reduced in 
comparison to our other preliminary designs. This means that the size of the design would be 
reduced and it would be widely universal due to the overall size and scalability. 
Using this information a two actuator, single motion design was developed. The two 
actuator design can be seen in Figure 25 below. This design implemented an open box shaped 
bracket that would be fixed to the frame rail. This bracket would house the heim joint, which 
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would be able to move vertically inside of the bracket. The heim joint pin would ride up and 
down in a straight slot on either side of the box and a hydraulic cylinder would control this 
motion. The hydraulic cylinder would be mounted above the bracket and would be connected to 
the heim joint with a fork shaped bracket. In order to minimize friction between the actuator’s 
fork shaped bracket and the fixed bracket we decided to use frictionless Teflon bushings and 
washers between these components. This design greatly decreased the amount of space required 
to house the system and also greatly decreased the cost of the system by eliminating the number 
of actuators and amount of material required. However, the design still required a lot of space in 
the vertical direction. The frame of the vehicle would need to be built up significantly to properly 
house the system. This would drastically limit the number of vehicles that could use our 
suspension system. Although this design was promising, it was clear that improvements needed 
to be made in order to create the best possible system. This design was not utilized due to size 
constraints. The system was much larger than it needed to be in order to achieve the desired 
performance specifications.  
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Figure 25: Two Actuator, Single Motion Design 
4.6 Final Design 
For our final design a decision matrix was used to determine which of the preliminary 
design options should be used. This decision matrix can be seen in Appendix F. The decision 
matrix was developed using the system characteristics deemed to be the most important by our 
project team. These characteristics were the footprint, range of anti-squat available, system 
safety, ease of fabrication, feasibility, reliability and cost. The designs footprint consisted of the 
amount of space that the system would require. The range of anti-squat consisted of the anti-
squat that the system could provide when compared to our desired range. The system safety was 
the suspensions ability to avoid the vehicle from rolling over while cornering. The ease of 
fabrication was the amount of time and effort it would take to manufacture the suspension 
system. The feasibility consisted of whether or not the suspension system could sustain the 
forces acting upon while the vehicle was in motion. The reliability consisted of the wear and tear 
the suspension system would experience during use. Finally, the cost was simply the overall 
predicted price of producing the suspension system. Each of these characteristics were rated by 
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their importance, in our project team’s opinion, to the design. The ratings were based on a scale 
from one to five, where five was the most important and 1 was the least important. Each 
individual design was given a rating from one to five for each characteristic. The individual 
design ratings were established so that a five meant that the design met the characteristic 
excellently and a one meant that the design did not meet the characteristic. For each design the 
individual characteristic score was multiplied by the rate of importance. These values were 
totaled at the bottom and the design with the highest value was our best preliminary design 
option. As can be seen in our decision matrix, Design 3 was the best design option. 
Although, the decision matrix was used to determine which of our preliminary designs 
was best and which should be pursued for our final design, it also provided information on areas 
that each design could be improved. Therefore, the decision matrix was also used to aid in the 
redesign of Design 3. The redesign efforts largely focused on the weaker areas of the design such 
as footprint, ease of fabrication and feasibility. 
The major flaw with the preliminary two actuator design was that the straight slot in the 
fixed bracket would cause serious issues with motion in our system. For the links to move up and 
down without binding in a straight slot they would have to telescope, otherwise the rear axle 
would experience a rotation clockwise or counter clockwise to the mid-plane of the frame rails. 
Rather than trying to formulate a way to fabricate telescoping links we determined that we could 
overcome this difficulty by making the slot curved. A slight curve in the slot would allow the 
heim joint to move in an arc, which would still translate to vertical motion of the link but would 
not cause the link to be in tension. The slot in the bracket was determined by the length of the 
link about the pivot point and the change in vertical position. After further review of this bracket 
we decided that the fork shaped bracket to attach the heim joint to the actuator could be 
improved to decrease the footprint of the system and increase strength. The improved fork 
bracket design came in the form of an s-shaped bracket with gussets as shown below in Figure 
26.  
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Figure 26: S-Shaped Bracket 
The s-bracket design minimizes the vertical stack-up of components that would occur 
with the previous design by having the actuator in parallel with the vertical motion of the heim 
joint. Additionally, this s-bracket will ride inside of the fixed slotted bracket that is attached to 
the frame rails. Both the slotted bracket and the s-shaped bracket are to be made out of 0.25 inch 
flat stock. The box-like design of the fixed slotted bracket will produce a high strength to weight 
ratio. Therefore 0.25 inch flat stock was used instead of 0.375 inch flat stock. Likewise, the 
gussets on the s-bracket increase the strength of the design allowing for the use of this 0.25 inch 
flat stock in this application. Originally the s-bracket was designed using thicker flat stock. 
However, with these reassurances in our design it was determined that thinner flat stock would 
cut weight and cost while providing ample support for the system. The Teflon bushings and 
washers were still necessary to reduce friction and allow for smooth uninhibited motion of the 
heim joint during actuation. In this design we did decided to eliminate the use of a full hydraulic 
pump. Instead we decided to use a Wolverine hydraulic cylinder with 6 inches of travel that 
would be run off of an electric power unit. This cylinder provides a rotational pivot point at the 
frame to eliminate torque transferred to the actuator during actuation. Although this actuator is 
hydraulic, the need for a hydraulic pump is eliminated with the use of an electric motor and 
hydraulic reservoir. In this design the actuator will be attached to the frame using an aftermarket 
Jeep shock tower that fits around the actuator and extends vertically above the frame rail. The 
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piston rod of the actuator attaches to the s-bracket via fillet welds. The hardware used to connect 
the heim to the slotted bracket is 0.75 inch diameter. The slotted bracket is also attached to the 
frame using 0.25 inch flat stock. Thus the actuator and the slotted bracket are both fixed points, 
providing a stationary system with motion between these two points. The final design can be 
seen in Figure 27. 
 
Figure 27: Final Design 
To power the actuator hydraulic lines will be run from the cylinders to a hydraulic sub-
plate. The sub-plate will have hydraulic lines out of it attaching to an electric 12V DC motor 
with a hydraulic reservoir. The motor will then have two solenoid valves so that the hydraulic 
motion of each cylinder can be programmed independently. To control the solenoids a small-
embedded computer with a touch screen interface can be used. The system will be powered by 
one 12V DC car battery and one 300-amp alternator that will be powered by the engine of the 
vehicle.  
4.7 Prototyping  
A major goal for this project team was to produce a suspension system that can be used 
on a variety of vehicles of various size. These vehicles could include automobiles, off-road 
vehicles, golf carts, remote control cars and even robots. For our suspension system to be 
54 | P a g e  
 
adaptable for such a large range of vehicles and sizes, scalability is an important parameter. 
Therefore, a lab scale prototype of our suspension system was designed. A lab scale prototype is 
beneficial to show scalability and to easily display functionality and purpose.  
For the lab scale prototype a number of modeling methods were analyzed and discussed. 
These models included wooden dowel model, plastic model and remote control car model. For 
the wooden dowel modeling method, an entire scale suspension system identical to our full scale 
design would be developed using wooden dowels and hardware. The pros of this modeling 
method are that it would allow for an exact scale suspension system to be modeled. Each part 
would be exactly scaled to our full design. Also, this is the cheapest of all the modeling methods. 
However, a wooden suspension model would not be able to drive or display functionality, it 
would only be useful for displaying the suspension system and the role of the actuators. In 
addition, there would be some design restrictions for this modeling method. For example, using 
only wooden dowels and hardware it would be difficult to produce a scale model of our heim 
joint brackets.  
For the plastic modeling method an entire scale suspension system would be designed 
using laser cut and 3D printed parts. The pros of this modeling method are that it is a fairly 
inexpensive method for producing a model. Using this method we would be able to scale down 
our suspension system parts in Solidworks, establish geometric tolerances and print our parts in a 
matter of hours. Also, using this method there is minimal limitations on design features. Once a 
part has been designed in Solidworks it is simple to assign tolerances and print the parts. The 3D 
printers can produce small and accurate parts so the designs would not be limited by the printer’s 
capabilities. However, a plastic model would be able to drive or display functionality, it would 
strictly be useful for displaying the suspension system and the role of the actuators.  
Finally, for the remote control modeling method, an existing RC car suspension would be 
modified to model our suspension system. The pro for this modeling method is that it would 
allow for a functional scaled model of our suspension system to be produced. Using an RC car 
we would be able to not only display our suspension system but drive and test the vehicle while 
it was in use. Specifically, an RC car would allow us to test the vehicle during different 
suspension geometries and physical characteristics. However, the remote control modeling 
method was by far the most expensive modeling method discussed. In addition, most RC cars 
contain numerous parts and design features. These parts and features occupy a lot of space and 
55 | P a g e  
 
make it difficult to alter the current suspension. This is because the parts would obstruct what 
pieces could be added or removed from the system.  
After reviewing our modeling methods it was determined that modifying an existing RC 
car suspension would be most ideal for this project. A major determination of this method was 
that our project team found a remote control car that used a 4 link suspension. This made the 
remote controlled car an attractive option. In addition, the specific RC car had adequate space for 
our modifications (Axial, 2014). There was plenty of room for our system to be added without 
fearing sections being obstructed. Therefore, for these reasons we determined that modifying the 
RC car was the most ideal modeling method. This method would allow us to develop our system 
on a lab scale model that could be used for display as well as testing purposes.  
Once we determined that a remote control model would be used for our lab scale 
prototype it was determined that it would be most practical to use our numerous calculations to 
develop an ideal system for the RC car. This was determined to be more practical than producing 
an exact scale model of our full scale vehicle suspension system. Using Matlab calculations we 
determined the ideal positions and vertical range of motion for the suspension links of the RC 
car. This provided a range of anti-squat from 35-172% and roll stiffness from 0-2%. Producing 
an ideal system for the lab scale prototype would prove the scalability and versatility of the 
suspension system. The remote control vehicle can be seen below in Figure 28. 
  
 
Figure 28: Lab Scale Prototype 
Due to the size difference between the full scale Jeep and the RC car, the team needed to 
retrofit the final design in order to allow for a perfect fit. The team utilized the same style of 
design, however, instead of using hydraulic actuators, used electrical rotational servos and 
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connecting rods to convert rotational motion into translational motion. This allowed the links to 
move in the correct vertical manner.  
4.8 Test and Analysis 
 For all designs and products it is necessary to test and analyze the performance of the 
prototype. In addition, for new designs it is necessary to not only evaluate, but prove, that the 
new design improves the functionality of the original design. To accomplish this it is necessary 
to establish a number of tests and analyses. These tests and analyses must prove, without a doubt, 
that the new design outperforms its predecessor. For our project team, it was necessary to prove 
that a 4 bar linkage suspension that utilized our universal system outperformed a standard fixed 4 
bar linkage suspension across all terrains. 
 To evaluate the universal system, three tests were developed. These tests consisted of an 
acceleration test, slope test and terrain test. Each test was conducted for both the unmodified 
prototype and later for the modified prototype. The tests were recorded from numerous views of 
the vehicle using a GoPro Hero 3 for the unmodified vehicle and a GoPro Hero 4 for the 
modified vehicle (GoPro, 2015). The GoPro Hero 3 filmed at 30 frames per second and the Hero 
4 filmed at 60 frames per second. In addition, bright colored stickers were placed in specific 
locations on the vehicle so the motion of those areas could be monitored through the duration of 
the test (Figure 29, 30) using an analysis software called Tracker (Brown, 2015). Tracker follows 
identified areas in a video and tracks the movement in two dimensions (X and Y) in terms of 
pixels. Bright colored stickers allowed the software to easily track the movements of the desired 
locations. The stickers were placed on the frame, wheels and battery pack of the vehicle so the 
movement of each, with respect to the ground, could be analyzed. The footage obtained 
throughout these tests was used to identify how the universal system affected the functionality of 
the 4 bar suspension. 
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Figure 29: Tracker Side View 
 
Figure 30: Tracker Rear View 
4.8.1 Acceleration Test 
 The first test that was conducted was the acceleration test. This test consisted of placing 
the prototype vehicle on a carpeted mat and accelerating the vehicle as fast as possible straight 
forward. The purpose for the carpeted mat was to allow for maximum traction which allows for 
improved acceleration and intensified suspension movement. Once the vehicle had completed 
acceleration it would be put in reverse and accelerate in reverse as fast as possible. Again, once 
the vehicle had completed acceleration it would be put in drive and accelerate forward as fast as 
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possible. For each individual test run, this cycle was completed two to three times. In addition, 
this test was recorded from both directly behind the vehicle and the side view. Three runs for this 
test were taken from both angles to ensure our data was accurate and abnormal behavior could be 
identified. 
 The purpose of this test was to identify the amount of sag the rear end of the vehicle 
experienced while accelerating forward and the amount of lift while accelerating in reverse. The 
sag and lift is a function of the vehicle’s suspension system and specifically the anti-squat 
experienced. This is a critical parameter to analyze when determining the effects of our universal 
system. 
4.8.2 Slope Test 
 The second test that was conducted was a slope test. This test consisted of driving the lab 
scale prototype up a 3 foot by 2 foot board that was placed up against a saw horse at an angle of 
55 degrees. The vehicle would start on a carpeted mat and accelerate up the slope. Eventually, 
the vehicle would reach the maximum distance it could traverse and would slowly progress down 
the slope while the vehicle continued to attempt to climb. Three runs of this test were recorded 
from the side of the vehicle to ensure that the data was consistent and abnormal behavior would 
be recognized. 
 The purpose of this test was to analyze how high up the slope the vehicle could reach. In 
addition, this test was carried out to analyze the vehicles wheel hop. The wheel hop is the 
vehicles inability to keep the rear wheels grounded to the terrain. This is an important parameter 
because if a vehicle has wheel hop it will make it more difficult to climb a slope. 
4.8.3 Terrain Test 
The final test that was conducted was a terrain test. This test consisted of a custom course 
with various obstacles that was approximately 16 feet long or about 10 prototype vehicle lengths. 
The terrain began with a single speed bump made using a 2x4. This bump was placed so that 
both the front wheels would hit at the same time. Therefore, both of the rear wheels would hit the 
bump at the same time. The purpose of this bump was to analyze the motion of the rear wheels, 
frame and suspension as it was traversed. The second portion of the terrain was a set of six 
moguls. These moguls were again made using pieces of 2x4. The moguls were set so that three 
were to the left of the terrain center line and three were to the right. Also, there was a distance 
just larger than the diameter of the vehicles tires between each mogul. This was done to test for 
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maximum articulation. The purpose of the moguls were to analyze the articulation of the 
suspension system and how much the body of the vehicle remained constant throughout. 
The third portion of the terrain were staggered blocks that were made from two stacked, 
pieces of 2x4. The first stack of blocks were staggered so that the block on top was an inch 
forward of the block on the bottom. This stack was placed off center to the left. The second stack 
of blocks were staggered so that the block on top was six inches forward of the block on the 
bottom. This stack was placed off center to the right with the same distance from the center line. 
Also, the beginning of each stack was aligned. This ensured that the each side of the vehicle 
would traverse the obstacle simultaneously. The purpose of the staggered blocks was to analyze 
the articulation of the suspension system and how the vehicles body’s roll was affected. The 
stacks also provided a larger height for the vehicle to climb. The fourth portion of the terrain test 
was a rock simulation. The “rocks” were made using pieces of PVC pipe. The pipe was cut into 
0.5 to 1.5 inch sections. These “rocks” were then placed so that 8 were on either side of center of 
the track. The purpose of the rock simulation was to analyze how the suspension system 
traversed over small closely packed obstacles. The final portion of the terrain was a large speed 
bump. The large speed bump was made out of three, one foot long pieces of PVC pipe. The pipes 
were stacked into a pyramid shape. The purpose of the large speed bump was to see how the 
suspension system handled traversing an obstacle larger than the roll radius of the tires. The 
terrain used throughout this test can be seen in the images below (Figure 31, 32).   
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Figure 31: Beginning Section of Terrain Test 
 
Figure 32: End of Terrain Test 
4.9 Prototype Fabrication 
The material chosen to build the brackets for the design was a plastic material. The 
reason for using plastic is that the forces acting on the joints and brackets of the design would be 
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small. Therefore, the plastic’s strength to weight ratio was sufficient for our prototype. In 
addition, plastic allowed for our universal system to be easily fastened to the RC car. A metal 
material would provide the car with unnecessary weight for the minimal strength necessary to 
hold the links in place. A non-metal material would reduce the weight of the brackets when 
compared to ferrous materials; however, the strength to weight ratio would still be too low for 
what the application required. Therefore, a plastic material was determined to be the best 
material for our application. In addition, the ease and availability of 3D printers in Higgins Labs 
made plastic a compelling option. Using a 3D printer would allow for the part to be printed the 
exact size using strong plastic material. This would allow for a cheaper cost of fabrication than 
ferrous or non-ferrous materials. 
 The 3D printer that was chosen to be used was the Stratysys Objet 260 Connex Printer. 
The Objet Printer is the most accurate printer available to the team with the highest-strength 
material. The other printers were a table-top Makerbot and a standalone Dimension Printer. The 
Makerbot does not accurately 3D print small parts in comparison to the other printers. Also, the 
Dimension Printer, however more precise than the Makerbot, was not as accurate as the Objet 
Printer. Due to the tight tolerances of our prototype parts the Objet Printer was the most desirable 
option.  
4.10 Determination of Equipment 
For adjustability of the suspension links, several pieces of equipment were analyzed to 
gain the best adjustability while the vehicle was in motion. Servos, both linear and rotary, were 
researched along with worm gears and manual adjustment. The manual adjustment which would 
utilize positioning pins was eliminated for the mere fact that “on-the-fly” adjustment was not 
possible. The worm gear fit all of the major characteristics for the adjustable suspension however 
the servos allowed for adjustability using a single remote with analog dials. Therefore, the servos 
were looked at more closely. Once the servos were deemed the best option it was necessary to 
research the different styles of servos. Both linear and rotary servos were available however due 
to funding, rotary servos from the local hobby shop, Turn 4 Hobbies (Turn 4 Hobbies, 2015), 
was the cheaper of the two. 
Using the rotary servos, our team decided that the best option would be to connect the 
rotary arm to the suspension linkage using a connecting rod. This would translate the rotary 
motion into linear motion. When the servos rotate in a clockwise or counter-clockwise fashion, 
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the connecting rods pivot. This allows the slider that connects the suspension links to the slotted 
bracket, to move vertically in a linear motion. This occurs along the slotted bracket to adjust the 
orientation of the links. Once the servos were mounted to the vehicle and the connecting rods 
were attached to the universal system, the team dialed the servos into the wireless transmitter. 
This allowed the driver to control the servos, independently, via a wireless transmitter. The 
rotary servos used for our prototype can be seen in Figure 33. 
 
Figure 33: Rotary Servos 
The transmitter for the prototype is a Hobby-King 6-channel transmitter that controls the 
steering, throttle, and the two servos independently (Figure 34) (Hobby King, 2015). In order to 
bind the transmitter to the equipment a 6-channel Electronic Control Unit was required. Once the 
transmitter was bound to the equipment, the vehicle was able to traverse obstacles while being 
able to adjust the suspension “on-the-fly”. The control unit was powered by the vehicles stock 
battery pack without any negative side effects. 
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Figure 34: 6-Channel Transmitter 
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5.0 Results 
5.1 Acceleration Test Results  
 
Setting Result Reasoning 
Unmodified Uneven sag on rear of vehicle 
during acceleration (from left 
to right): 8 degrees from 
normal 
Unmodified vehicle had 86% 
anti-squat which allowed sag. 
Tremendous torque from 
motor caused the uneven sag. 
Modified Bottom Minimized uneven sag on rear 
of vehicle during acceleration: 
3 degrees 
Modified vehicle at bottom 
had 172% anti-squat: reduced 
sag and prevented the strength 
of the motor from causing 
significant sag. 
Modified Top Increased uneven sag on rear 
of vehicle during acceleration: 
10 degrees 
Modified vehicle at top had 
35% anti-squat: increased sag 
and allowed the strength of 
the motor to cause significant 
sag. 
 
 For the unmodified vehicle a few conclusions were drawn after reviewing the frame by 
frame video analysis of the acceleration test. First, viewing the video footage from the rear of the 
vehicle, it was immediately obvious that when the vehicle was accelerating it had the tendency to 
sag more on the right side of the vehicle than on the left side. The angle of the body of the 
vehicle began at approximately 92 degrees from vertical. During the peak of the acceleration the 
angle of the body of the vehicle was approximately 100 degrees from vertical. This is a 
significant difference in the orientation of the vehicle.   
 After this discrepancy was witnessed the cause of the inconsistent sag was determined. 
The motor used to drive the prototype is very strong and the vehicle itself is light. This means 
that the torque from the motor onto the drive shaft is so powerful that it is capable of rotating the 
entire vehicle. This was further tested by analyzing the vehicle with full acceleration in reverse. 
The vehicle experienced a similar change in body angle but in the opposite direction. This 
proved that the rotation of the vehicle was due to the large torque applied by the motor. 
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Figure 35: Unmodified Vehicle; Normal Ride Height 
 
Figure 36: Unmodified Vehicle; Max Sag during Acceleration 
 For the modified vehicle a few differences were immediately obvious after reviewing the 
frame by frame video analysis of the acceleration test and comparing it to the unmodified vehicle 
results. The first test was conducted for the links at the bottom setting. At this setting the 
maximum anti-squat of 172% is experienced. Prior to acceleration the angle of the body of the 
vehicle was 89 degrees from vertical. When the vehicle was at maximum acceleration the uneven 
body sag experienced with the unmodified vehicle was drastically reduced. For the vehicle at this 
setting, at the peak acceleration, the vehicle was only 92 degrees from vertical. At the bottom 
setting the right side of the vehicle only sagged an additional 3 degrees during full acceleration. 
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This was a significant improvement from the unmodified vehicle and it was clear that the 
improved anti-squat drastically altered the suspension system stiffness. The increased stiffness 
did not allow the body of the vehicle to sag and even reduced the sag being caused by the large 
torque from the motor. The prototype vehicle at standstill and full acceleration at the bottom 
setting can be seen in the figures below.  
 
Figure 37: Bottom Setting; Normal Ride Height 
 
Figure 38: Bottom Setting; Max Sag during Acceleration 
The second test was conducted for the links at the top setting. At this setting the 
minimum anti-squat of 35% is experienced. Prior to acceleration the angle of the body of the 
vehicle was 88 degrees from vertical. During this test when the vehicle was at maximum 
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acceleration the uneven body sag experienced with the unmodified vehicle increased slightly. At 
the top setting the vehicle was 98 degrees from vertical. Therefore, the body sagged an additional 
10 degrees to the right at the peak acceleration. This result was expected because the decreased 
anti-squat reduces the stiffness of the suspension and allows the body to squat or lift much more 
easily. At this setting the body did not sag significantly more than the unmodified vehicle. In 
fact, it only sagged two degrees more. This was also expected because at the unmodified 
position, or the middle location on the slotted bracket, the anti-squat was 86%. Since this value is 
below 100% it is expected that the body of the vehicle will sag. Also, this value is much closer to 
35% than 172%. Therefore, it was expected that the squat would be affected more at the bottom 
setting than the top. This proved that the change in the vertical position of the links was 
successful at improving the performance of the vehicle during acceleration. The prototype 
vehicle at standstill and full acceleration at the top can be seen in the figures below. 
 
Figure 39: Top Setting; Normal Ride Height 
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Figure 40: Top Setting; Max Sag during Acceleration 
In addition to the variation in the uneven sag of the body of the vehicle, it was also 
determined that the total amount of sag experienced by the vehicle was drastically altered by the 
vertical position of the upper links. This was determined through the analysis of our data and the 
charts produced using Matlab. For the vehicle at the bottom setting with the maximum anti-squat 
the center of the vehicle sagged a maximum distance of 55 millimeters during acceleration. For 
the vehicle at the top setting with the minimum anti-squat the center of the vehicle sagged a 
maximum distance of 105 millimeters during acceleration. This further proved the effect of the 
anti-squat on the vehicle during acceleration. This concluded that the position of the links 
drastically affected the anti-squat which was critical in affecting the amount of squat the vehicle 
experienced. In addition, it proved that our system provided the vehicle with a wide range of 
anti-squat that could be easily adjusted and used to provide the ideal position for the application. 
The charts used for our data comparisons can be found in Appendix H. 
5.2 Slope Test Results 
 
Setting Result Reasoning 
Unmodified Experienced significant wheel 
hop on slope 
Vehicle had anti-squat less 
than 100% which allows 
wheel hop to occur 
Modified Bottom Did not experience wheel hop 
on slope 
Vehicle had anti-squat greater 
than 100% which prevents 
wheel hop from occurring 
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Modified Top Experienced significant wheel 
hop on slope 
Vehicle had anti-squat less 
than 100% which allows 
wheel hop to occur 
 
 For the slope test a few key results were determined from comparing the data from the 
Tracker software, as well as the frame by frame analysis of the film of the unmodified and 
modified vehicle. For the unmodified prototype vehicle wheel hop was immediately obvious 
from the film. This wheel hop was also apparent on the charts that were produced using the 
converted data from the Tracker software. The chart revealed that once the vehicle had slipped 
down the slope and made contact with the floor wheel hop occurred constantly until the vehicle 
was powered off. This result was expected because the unmodified vehicle had an anti-squat of 
86%. This means that the vehicles traction with the slope was not ideal and wheel hop was able 
to occur.  
 Once the unmodified vehicle was tested the modified vehicle was tested at both the top 
and bottom settings. The first test was conducted at the bottom setting. At this setting the 
vehicles anti-squat was at its maximum value of 172%. For the modified vehicle at this setting 
the wheel hop was significantly reduced. The chart, produced using the converted data from the 
Tracker software, revealed that once the vehicle had slipped down the slope and made contact 
with the floor the wheels spun in place. Therefore, they did not hop up and down like they had 
for the unmodified vehicle. This was apparent from the chart because the vertical position of the 
center of the rear wheel, as it climbed the slope, was linear. This meant that the wheel was 
keeping contact with the slope and the wheel was not bouncing. In addition, the vertical position 
of the center of the rear wheel, once the vehicle had slipped down the slope and made contact 
with the floor, remained in place. At this point in the film the vehicles wheels were simply 
spinning as the vehicle couldn’t gain enough traction to climb the slope again. Since the vertical 
position remained flat and unchanged this meant that the rear wheel was not hopping. This was 
an expected result due to the significant increase in the anti-squat which was caused by the 
altering of the link location. An anti-squat of over 100% should not allow for wheel hop. This 
was proven by our modified vehicle at the bottom setting. 
 The second test was conducted at the top setting. At this setting the vehicles anti-squat 
was at its minimum value of 35%. For the modified vehicle at this setting wheel hop was again 
apparent from reviewing the film. This was apparent from the chart because the vertical position 
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of the center of the rear wheel, as it climbed the slope, was nonlinear. From the chart it is 
apparent that the vertical position of the rear wheel is increasing; however, the points are 
jumping up and down and the line is not steady. This meant that the wheel was not maintaining 
contact with the slope and the wheel was bouncing. In addition, the vertical position of the center 
of the rear wheel, once the vehicle had slipped down the slope and made contact with the floor, 
was nearly sinusoidal. At this point in the film the vehicles wheels were spinning and bouncing 
as the vehicle couldn’t gain enough traction to climb the slope again. Since the vertical position 
remained inconsistent this meant that the rear wheel was hopping. The wheel hop at the top 
setting did not vary significantly from the unmodified prototype. This result was initially 
surprising as the anti-squat at this setting is 51% less than at the unmodified setting. However, 
this is understandable because at both settings the anti-squat is below 100% and therefore wheel 
hop is able to occur. Therefore it can be expected that the wheel hop should not vary greatly. 
Instead, the key finding was that wheel hop was eliminated when the anti-squat was set above 
100%. 
It was also determined that the distance the vehicle was able to climb the slope before 
slipping back down to the floor was almost identical for all three link settings. This was an 
unexpected result as the increased anti-squat should have allowed for a longer range of travel. 
After further analysis of the test set up it was determined there could be a few outside factors that 
lead to this result. First, the slope was set at a very steep angle of 55 degrees to ensure that the 
vehicle slipped back to the ground. In addition, the slope was made using finished wood that 
caused the wheels to have very low friction with it. The combination of these factors likely 
caused the vehicle to lose traction only a small distance up the slope. The vehicle’s motor had 
tremendous power but the slope simply caused the wheels to spin as the vehicle slowly slipped 
down the slope. In the future, this test should be conducted on a flatter slope that is made of a 
material with higher friction. This should allow for the vehicle’s anti-squat to be more apparent 
in the results. The charts used for our data comparisons can be found in Appendix I. 
5.3 Terrain Test Results 
 The final test conducted was the terrain test. The purpose of this test was to 
determine how the different vehicle settings would function over a set of real life obstacles. 
Through the analysis and comparison of the data taken throughout this test a number of 
conclusions were drawn. First, each of the vehicles was able to successfully traverse the entire 
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terrain. The first section of terrain was a 2x4 inch block which simulated a fallen tree across a 
path. Both the unmodified vehicle (86% anti-squat) and the modified vehicle at the bottom 
setting (172% anti-squat) were able to traverse the block with relative ease. However, the 
modified vehicle at the top setting (35% anti-squat) struggled time and time again climbing over 
the block. The vehicle would consistently get stuck on the block when the rear wheels hit it. The 
rear wheels sat against the block and simply spun in place. It was necessary to put the vehicle in 
reverse and then hit the block with more speed for the vehicle to traverse it at this setting. This 
was caused by the reduced anti-squat. The anti-squat caused the vehicle to lose traction with 
block and therefore it could not climb over it. Although the anti-squat for the unmodified vehicle 
was far less than the modified vehicle at the bottom setting, it did not affect the vehicles ability 
to traverse the block. This was expected because the unmodified vehicle had an anti-squat fairly 
close to 100%. The results from this section of terrain can be seen in the figures below. For the 
complete chart legend see Appendix (I). 
 The ability of each different vehicle setting to traverse the block is apparent from the 
charts. Specifically, this is apparent in the final subsection of each chart labeled “Rear Wheels 
Hit Block”. For the unmodified vehicle and modified vehicle at the bottom setting all of the 
curves, which depict the position of all areas of interest on the back of the vehicle, bounce up as 
the rear wheels hit the block. The areas of interest then remain relatively flat as the vehicle 
traverses the block and then return to their original height as the vehicle goes off of the back of 
the block. This depicts that the vehicle didn’t have any issue traversing the obstacle. For the 
modified vehicle at the top setting however, all of the curves increase quickly but immediately 
return to their original height. The curves then remain relatively flat for some time because the 
vehicle was stuck on the block. Eventually, the curves increase quickly again as the rear wheels 
hit the block for the second time. The curves then remain relatively flat as the vehicle traverses 
the block and then return to their original height as the vehicle goes off of the back of the block. 
This depicts the issues the vehicle experience while traversing the block. 
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Figure 41: Unmodified Vehicle (vertical position vs. frame) Traversing First Block (30 fps) 
 
Figure 42: Modified Vehicle Bottom Setting (vertical position vs. frame) Traversing First Block (60 fps) 
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Figure 43: Modified Vehicle Top Setting (vertical position vs. frame) Traversing First Block (60 fps) 
 The second section of terrain was the set of six moguls made from 2x4 inch blocks. This 
section of terrain had very surprising results because each of the vehicles was able to 
successfully traverse the moguls with no major discrepancies in the performance. This was 
surprising because it was expected that the vehicle at higher anti-squats settings would be able to 
better traverse the terrains. Instead, each vehicle setting traversed the terrain in a nearly identical 
fashion. In addition, the motion of the body of the vehicle in relation to the axle did not vary at 
all. Although this result is surprising, a potential solution was identified. Our team believes that 
if the moguls sat at a higher height off of the ground the anti-squat would greater affect the 
vehicles performance traversing them. The moguls likely were too small to impede the vehicles 
performance. 
 The third section of terrain was the staggered logs made from two stacked pieces of 2x4. 
Through the analysis of the charts produced using the converted data from the Tracker software 
it was determined that the motion of the frame rails of the vehicle in relation to the axle was 
drastically affected by the anti-squat setting. For the modified vehicle at the top setting the frame 
rails of the vehicle traveled the most smoothly across the staggered logs. The frame remained 
still and did not experience any bounces due to the obstacle. For the unmodified vehicle the 
74 | P a g e  
 
frame rails traveled fairly smoothly and experienced a single bounce as the left rear wheel came 
off of the end obstacle. Finally, for the modified vehicle at the bottom setting the frame rails 
experienced a single significant bounce as the left rear wheel came off of the end of the obstacle. 
Therefore, as the anti-squat of the vehicle increased the ability of the suspension to absorb the 
impact decreased. This is because the increased anti-squat causes the stiffness of the suspension 
system to increase. At the minimum setting the anti-squat is very low and therefore the 
suspension system is able to absorb the force and the frame rails of the vehicle does not 
experience it. On the other hand at the maximum setting the anti-squat is very high and therefore 
the suspension system does not absorb the force but instead translates it into the frame of the 
vehicle. This section of terrain also had an unexpected result. This was that the vehicle was able 
to traverse the staggered logs at all settings. It was expected that the vehicle would only be able 
to traverse the obstacle at higher anti-squats. However, it was determined that the obstacle was 
not big enough and the power of the vehicle’s motor was able to overcome it. Our team believes 
that if the obstacle was made bigger the vehicle would only be capable of traversing it at the 
higher anti-squat settings. The results from this section of terrain can be seen in the figures 
below. The bounce experienced on the terrain can be seen in the final subsection on the chart. 
For the complete chart legend see Appendix (J). 
 The bounce experienced for each different vehicle setting while traversing the staggered 
logs is apparent from the charts. Specifically, this is apparent in the final subsection of each chart 
which is labeled “Rear R-Wheel Off 2nd Mogul; Both Rear Wheels Hit Staggered Log”. For the 
unmodified vehicle the curves, which depict the position of all areas of interest on the back of the 
vehicle, increase quickly as the rear wheels hit the staggered logs. Soon after the top two curves, 
which represent areas of interest on the body of the vehicle, quickly flatten out and then continue 
to increase. This depicts that the body of the unmodified vehicle experienced a minor bump 
while traversing the staggered logs. For the modified vehicle at the bottom setting the curves 
again increase quickly as the rear wheels hit the staggered logs. Shortly after the top curves 
flatten out for a few frames and then increase rapidly. Soon after these same curves decrease 
very rapidly. This depicts that the body of the modified vehicle at the bottom setting experienced 
a major bump while traversing the staggered logs. Finally, for the modified vehicle at the top 
setting the curves simply increase steadily as the vehicle traverses the staggered logs. This 
depicts that the body of the vehicle did not experience any bump while traversing this obstacle. 
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Figure 44: Unmodified Vehicle (vertical position vs. frame) Traversing Staggered Logs (30 fps) 
 
Figure 45: Modified Vehicle Bottom Setting (vertical position vs. frame) Traversing Staggered Logs (60 fps) 
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Figure 46: Modified Vehicle Top Setting (vertical position vs. frame) Traversing Staggered Logs (60 fps) 
 The fourth section of terrain was the rocks made from cut pieces of PVC pipes of various 
heights. Through the analysis of the data compiled throughout the testing a similar result was 
determined to the staggered logs. The motion of the frame of the vehicle in relation to the axle 
was drastically affected by the anti-squat setting. At the minimum anti-squat the frame of the 
vehicle traversed the obstacle very smoothly as the suspension absorbed the impacts from the 
rocks. However, as the anti-squat and suspension stiffness increased the motion of the frame 
increased as the suspension system translated the impacts onto the frame of the vehicle. This 
result was expected from this section of the terrain. 
 The final section of terrain was the large speed bump made from three pieces of PVC 
pipe. Due to the brittleness of the plastic material used to produce our prototype universal system 
it was determined that this section should not be conducted for the modified vehicle. Although 
the force on the system itself was very small, our team was concerned that if the vehicle 
contacted the pipes incorrectly it could cause the system to break. This was largely because this 
section caused the unmodified vehicle to jump high off of the ground in the preliminary testing. 
Ideally, this test would have been carried out and in the future it would be important to analyze. 
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However, it is necessary to use stronger materials for the prototype to correctly analyze this 
section of terrain. All of the charts used for our data comparisons can be found in Appendix J. 
  
 
 
   
  
78 | P a g e  
 
6.0 Conclusions 
 The team has designed an adjustable 4 link suspension system to be used on a variety of 
vehicles. This suspension system can be adjusted remotely and can be done instantaneously or 
“on the fly.” The advantage to the team’s design over current designs is the ease of adjustment 
and instantaneous adjustment capability that allows the suspension geometry to be changed while 
driving, to compensate for obstacles or varying terrain.  
A major feat was proven through the scalability of our system using a Remote Controlled 
car. Having an existing double triangulated 4 link suspension system already under the car from 
the manufacturer, it allowed for the team to retrofit the final design to the RC car with slight 
adjustment. Completing this proved that the final, adjustable universal suspension design is 
interchangeable and can be retrofitted to various forms of transportation such as, but not limited 
to, off-road and on-road vehicles.  
Our design allows for an ease of adjustment, while determining the performance output 
that the driver or operator desires depending on the application. Overall the team concluded that 
the placement of the links determined how much force is applied or removed from the rear tires 
during accelerating and braking on various terrains. For example, during a race, up a steep 
incline, the operator needs as much force applied to the tires as possible while maintaining 
vehicle control and stability, therefore the operator is now able to adjust the links to the desired 
position in order to maximize the vehicles performance all from the cockpit of the vehicle. 
Previous designs of adjustable double triangulated 4 link suspension systems consisted of 
multiple hole, fixed place, manual adjustment using pins and various other mechanical fasteners. 
Thus, our design is the first of its kind since adjustment can be made remotely without any 
manual labor. In the terrain tests conducted with our prototype this feature proved valuable in 
traversing obstacles as well as improving the rear steer associated with the torque from the motor 
when accelerating and decreasing the wheel hop when maneuvering steep slopes. 
There is a wide range of possible applications for this system as it can be applied to any 
mechanical system requiring a suspension. Therefore, this system can be implemented on 
everything from robots to off road trucks and even construction vehicles. Both the performance 
characteristics of the vehicle and the safety are improved with the use of this system making this 
design the ideal suspension for every vehicle on the market requiring this type of 
maneuverability and handling in off-road and on-road scenarios.     
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8.0 Appendix 
Appendix A: Federal DOT Suspension Regulations 
(a) Suspension condition. Ball joint seals shall not be cut or cracked. Structural parts shall not be 
bent or damaged. Stabilizer bars shall be connected. Springs shall not be broken, or extended 
above the vehicle manufacturer’s design height. Spacers, if installed, shall be installed on both 
front springs, both rear springs, or on all four springs. Shock absorber mountings, shackles, and 
U-bolts shall be securely attached. Rubber bushings shall not be cracked, extruded out from or 
missing from suspension joints. Radius rods shall not be missing or damaged.  
(1) Inspection procedure. Examine shock absorbers for oil leaking from within, then with vehicle 
on a level surface, push down on one end of vehicle and release. Note number of cycles of free 
rocking motion. Repeat procedure at other end of vehicle. 
 
Massachusetts Suspension Regulations 
 
(6) Steering and Suspension.  
(a) Check for free steering by turning the steering wheel through a full right and left turn. Reject 
a vehicle if binding or interference occurs during the procedure. With the front wheels in the 
straight ahead position (and the engine running on vehicles equipped with power steering) 
measure lash or lost movement at the steering wheel rim.  
 
(b) Lash or lost movement on passenger cars and station wagons, as measured at the steering 
wheel rim, should not exceed two inches if the vehicle is equipped with manual steering. Lash or 
lost movement on antique motor vehicles will be measured by steering wheel diameter in 
accordance with the following schedule:  
Steering Wheel Diameter Lash (shall not exceed) 16 inches 2 inches 18 inches 2¼ inches 20 
inches 2½ inches 22 inches 2¾ inches Antique Motor Vehicles Over c turn  
(c) The front end (each side) of all vehicles will be raised by jacking and visually examined. 
Vehicles equipped with ball joints will be raised and checked in accordance with the applicable 
manufacturer's specifications.  
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(d) Reject a vehicle with excessive wear or play in any part of the steering mechanism or of the 
vehicle that would affect proper steering.  
(e) Reject a vehicle with broken, bent or missing shock absorbers or suspension springs.  
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Appendix B: Center of Gravity Calculation 
 
System of equations for how to solve for the Center of Gravity of a vehicle. 
Length Dimension: 
With reference to the side view in the figure below, we can see that the distance Dcgl defines the 
length coordinate of the center of gravity 
 
 
If we take a point A some distance X in front of the vehicle we find the moment equation for that 
point is described by: 
(𝑋 + 𝐷𝑐𝑔𝑙) ∗ 𝑊𝑡𝑜𝑡𝑎𝑙 
Looking at the diagram we can see that the following conditions hold: 
𝑊𝑓𝑟𝑜𝑛𝑡 =  𝑊𝑓𝑙 + 𝑊𝑓𝑟   (Weight on front left wheel + Weight on front right wheel) 
𝑊𝑟𝑒𝑎𝑟 =  𝑊𝑟𝑙 + 𝑊𝑟𝑟  (Weight on rear left wheel + weight on rear right wheel) 
𝑊𝑡𝑜𝑡𝑎𝑙 =  𝑊𝑐𝑔 =  𝑊𝑓𝑟𝑜𝑛𝑡 + 𝑊𝑟𝑒𝑎𝑟 
Substituting variables and generating a balanced equation of moments we get: 
(𝑋 + 𝐷𝑐𝑔𝑙) ∗ 𝑊𝑡𝑜𝑡𝑎𝑙 =  (𝑋 ∗ 𝑊𝑓𝑟𝑜𝑛𝑡) + ((𝑋 + 𝐷𝑤𝑏) ∗ 𝑊𝑟𝑒𝑎𝑟 
If we now define X = 0, the front wheel axle centre becomes the pivot point. Substituting for 
Wtotal and solving for Wcgl we derive our first equation: 
𝐷𝑐𝑔𝑙 =  
𝐷𝑤𝑏 ∗ 𝑊𝑟𝑒𝑎𝑟
𝑊𝑓𝑟𝑜𝑛𝑡 ∗ 𝑊𝑟𝑒𝑎𝑟
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Width Dimension:  
 
Looking at the rear view of figure 2 we can see that the following conditions hold: 
𝑊𝑙𝑒𝑓𝑡 =  𝑊𝑓𝑙 + 𝑊𝑟𝑙  (Weight on front left wheel + weight on rear left wheel) 
𝑊𝑟𝑖𝑔ℎ𝑡 =  𝑊𝑓𝑟 + 𝑊𝑟𝑟  (Weight on front right wheel + weight on rear right wheel) 
𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑐𝑔 =  𝑊𝑙𝑒𝑓𝑡 + 𝑊𝑟𝑖𝑔ℎ𝑡 
By the same reasoning used to derive equation 1, we see that we can generate an equation of 
moments about the point B as follows: 
 (𝑌 + 𝐷𝑐𝑔𝑤) ∗ 𝑊𝑡𝑜𝑡𝑎𝑙 = (𝑌 + 𝑊𝑙𝑒𝑓𝑡) + ((𝑌 + 𝐷𝑡𝑘𝑓) ∗ 𝑊𝑟𝑖𝑔ℎ𝑡) 
As before if we take Y=0, the left wheels become the pivot point. Substituting for Wtotal and 
solving for Dcgw we derive our second equation: 
𝐷𝑐𝑔𝑤 =  
𝐷𝑡𝑘𝑓 ∗ 𝑊𝑟𝑖𝑔ℎ𝑡
𝑊𝑙𝑒𝑓𝑡 + 𝑊𝑟𝑖𝑔ℎ𝑡
 
Height Dimension: 
This one is a little more complicated, but the way it is calculated has been around for 
years and once you see how it is done, I think you’ll agree that the reasoning is rather clever. 
Essentially, we assume that the vehicle is a solid object and that the CG doesn’t move, within 
that object. This is true regardless of the objects orientation. If we refer back to Figure 1 & 2, we 
see that the location of the CG is not only defined by variables in the length (i.e. Dcgl) and width 
(i.e. Dcgw), but also in height (i.e. Dcgh).  
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Figure 5 
To find the height of the CG, we need to lift one end of the car (in this case the rear) and 
weigh all four wheels again using the same scales as before. For best results it is necessary to 
immobilize the suspension so that the springs do not compress. Spring compression changes the 
relationship of the wheel to the body and therefore also the CG. By substituting the new weight 
measurements, we can find the “new” horizontal dimension of the CG (ie. Dcgup) and produce 
the following equation: 
𝐷𝑐𝑔𝑢𝑝 =  
𝐷𝑤𝑏𝑢𝑝 ∗ 𝑊𝑟𝑒𝑎𝑟𝑢𝑝
𝑊𝑓𝑟𝑜𝑛𝑡𝑢𝑝 + 𝑊𝑟𝑒𝑎𝑟𝑢𝑝
 
Dwbup = The horizontal distance between the front and rear wheel centers when the vehicle is 
lifted 
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Using the same reasoning that was applied to the derivation of equation 1, we know that the 
following definitions hold 
𝑊𝑓𝑟𝑜𝑛𝑡𝑢𝑝 =  𝑊𝑓𝑙𝑢𝑝 + 𝑊𝑓𝑟𝑢𝑝  (Weight of the front left and front right tires when lifted) 
𝑊𝑟𝑒𝑎𝑟𝑢𝑝 =  𝑊𝑟𝑙𝑢𝑝 + 𝑊𝑟𝑟𝑢𝑝  (Weight of the rear left and rear right tires when lifted) 
Using similar triangles we know that the triangle with hypotenuse = Dwb and Adjacent side = 
Dwbup is similar to the triangle with hypotenuse = Dcgh and Opposite side = Dhx and the 
triangle with Hypotenuse = Dcgl and Adjacent side = Dcglup. For each triangle, the angle shown 
as Beta is also equal.  
Looking at the diagram, we can see that the following conditions hold: 
𝐷𝑐𝑔ℎ =  𝐷ℎ𝑦 + 𝐷𝑤𝑟   
𝐷ℎ𝑥 =  𝐷𝑐𝑔𝑙𝑢𝑝 − 𝐷𝑐𝑔𝑢𝑝 
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎) =  
𝐷ℎ𝑥
𝐷ℎ𝑦
=> 𝐷ℎ𝑦 =  
𝐷ℎ𝑥
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎)
  
𝐶𝑜𝑠(𝐵𝑒𝑡𝑎) =  
𝐷𝑐𝑔𝑙𝑢𝑝
𝐷𝑐𝑔𝑙
=> 𝐷𝑐𝑔𝑙𝑢𝑝 =  𝐷𝑐𝑔𝑙 ∗ 𝐶𝑜𝑠(𝐵𝑒𝑡𝑎)  
Substituting and simplifying:  
𝐷𝑐𝑔ℎ =
((𝐷𝑐𝑔𝑙𝑢𝑝 − 𝐷𝑐𝑔𝑢𝑝)
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎)
+𝐷𝑤𝑟 
𝐷𝑐𝑔ℎ =
((𝐷𝑐𝑔𝑙 ∗ 𝐶𝑜𝑠(𝐵𝑒𝑡𝑎))
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎)
−
 𝐷𝑐𝑔𝑢𝑝
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎)
+ 𝐷𝑤𝑟 
𝐷𝑐𝑔ℎ =
𝐷𝑐𝑔𝑙
𝑇𝑎𝑛(𝐵𝑒𝑡𝑎)
−
 𝐷𝑐𝑔𝑢𝑝
𝑆𝑖𝑛(𝐵𝑒𝑡𝑎)
+ 𝐷𝑤𝑟 
Furthermore we know that: 
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𝑆𝑖𝑛(𝐵𝑒𝑡𝑎) =  
𝐷𝑢𝑝
𝐷𝑤𝑏
 
𝑇𝑎𝑛(𝐵𝑒𝑡𝑎) =  
𝐷𝑢𝑝
𝐷𝑤𝑏𝑢𝑝
 
Substituting further:  
𝐷𝑐𝑔ℎ =
((𝐷𝑐𝑔𝑙 ∗ 𝐷𝑤𝑏𝑢𝑝))
𝐷𝑢𝑝
−
 𝐷𝑐𝑔𝑢𝑝 ∗ 𝐷𝑤𝑏
𝐷𝑢𝑝
+ 𝐷𝑤𝑟 
 
Finally, substituting into equation 6 and simplifying a little we derive the final equation: 
𝐷𝑐𝑔ℎ =
((𝐷𝑐𝑔𝑙 ∗ 𝐷𝑤𝑏𝑢𝑝))
𝐷𝑢𝑝
+
 𝐷𝑤𝑏𝑢𝑝 ∗ 𝐷𝑟𝑒𝑎𝑟𝑢𝑝 ∗ 𝐷𝑤𝑏
𝐷𝑢𝑝 ∗ (𝑊𝑓𝑟𝑜𝑛𝑡𝑢𝑝 + 𝑊𝑟𝑒𝑎𝑟𝑢𝑝)
+ 𝐷𝑤𝑟 
This approach determined an incredibly close to accurate point for the center of gravity of a 
vehicle. 
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Appendix C: Mathematical Analysis of Springs and Dampers 
 In order to gain a deeper understanding of the variables involved in the design and 
optimization of suspension systems it is necessary to consider the mathematical analysis of the 
dynamics of vehicles and their suspension systems. The following equations apply for n ≥ 2 for n 
axles.  
 One important thing to consider when attempting to optimize a suspension system is the 
wheel-soil contact. A rolling wheel will always experience some amount of slip due to torque 
and external forces. Thus the longitudinal slip ratio “s” can be expressed by the following 
equation while braking: 
𝑠 = (𝑉𝑥 − 𝑉𝑟)/𝑉𝑥 
And while in traction: 
𝑠 = (𝑉𝑥 − 𝑉𝑟)/𝑉𝑟 
Where: 
Vx = longitudinal velocity of wheel center 
Vr = Rω (where R is wheel radius and ω is wheel rotation) 
 
In order to calculate side slip angle α we use the following equation: 
𝛼 = tan−1(
𝑉𝑦
𝑉𝑥
) 
Where Vy = lateral wheel displacement velocity component 
 
The wheel-soil interaction can be observed in 3 cases: A rigid wheel on soft soil. Also, 
elastic wheel on rigid soil and elastic wheel on soft soil. The first case can be described as the 
general case and serves as a good basis to gather understanding about the other two cases, 
although it is not applicable for much other than that. Using the bevameter technique to 
incorporate both a shear test and a sinkage test the following relationship applies to the first case:  
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𝜎 = (
𝑘𝑐
𝑤
+ 𝑘ϕ) 𝑧
𝑛𝑠   
where: 
σ = normal contact stress 
z = soil sinkage 
w = contact width 
kc , kϕ , and ns are sinkage parameters 
 
Shear stress and tangential displacement can be defined in the following equation: 
𝜏 = (𝑐 + 𝜎 tan ϕ)(1 − 𝑒𝑥𝑝 −
𝑗
𝐾
) 
where: 
τ = shear stress 
j = soil tangential displacement 
c, ϕ, and K are shear parameters 
 
To further define slip ratios that can be applied to later expressions the following equations can 
be utilized: 
𝑆𝑠 = |𝑠| 
While braking: 
𝑆𝛼 = | tan 𝛼 | 
While in traction: 
𝑆𝛼 = (1 − 𝑆𝑠)| tan 𝛼 | 
Using the above values soil sinkage can be equated: 
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𝛿𝑠 = [
3𝐹𝑧
𝑤(3 − 𝑛𝑠) (
𝑘𝑐
𝑤 + 𝑘𝜙) √2𝑅
]
2
2𝑛𝑠+1
 
where: 
w = contact width 
R = wheel radius 
 
For small slip values or when √𝑆𝑠
2 + 𝑆𝛼
2 ≤
𝐾
𝑙𝑠
 where 𝑙𝑠 ≃  √2𝑅𝛿𝑠 the following two equations 
apply to find Fx and Fy: 
𝐹𝑥 = −𝑠𝑔𝑛(𝑠)
𝑙𝑠
2𝐾
(𝐴𝑐 + 𝐹𝑧 tan 𝜙)𝑆𝑠 
𝐹𝑦 = −𝑠𝑔𝑛(𝛼)
𝑙𝑠
2𝐾
(𝐴𝑐 + 𝐹𝑧 tan 𝜙)𝑆𝛼 
where:  
𝐴 = 𝑤𝑙𝑠  
 
For cases of large slip: 
𝐹𝑥 = −𝑠𝑔𝑛(𝑠)(𝐴𝑐 + 𝐹𝑧 tan 𝜙) (1 −
𝑙𝑝
𝑙𝑠
+ 𝑆𝑠
𝑙𝑝
2
2𝐾𝑙𝑠
) 
𝐹𝑦 = −𝑠𝑔𝑛(𝛼)(𝐴𝑐 + 𝐹𝑧 tan 𝜙) (1 −
𝑙𝑝
𝑙𝑠
+ 𝑆𝛼
𝑙𝑝
2
2𝐾𝑙𝑠
) 
where: 
𝑙𝑝 = 𝐾/√𝑆𝑠
2 + 𝑆𝛼
2
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The rolling resistance that occurs as a result of compacting of the soil can be solved for using: 
𝐹?̃? = −𝑤 (
𝛿𝑠
𝑛𝑠+1
𝑛𝑠 + 1
) (
𝑘𝑐
𝑤
+ 𝑘𝜙) 
In discussing which type of differential will be necessary for a predetermined application the rear 
axle load must be determined. The rear axle load can be found using the following equation: 
𝐹𝑧𝑅 =
𝑊
𝑙
(𝑙𝑓 cos 𝛼 − ℎ𝑐𝑔 sin 𝛼) ± ∆𝐹𝑧 
 
where: 
 
lF = wheelbase (front) 
hcg = height of center of mass 
𝚫FZ = change in vertical forces 
𝛂 = grade (degrees) 
W = vehicle weight (m g) 
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Appendix D: Degrees of Freedom Calculation 
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Appendix E: Matlab Script 
 
%% Determination of the Anti-Squat of a Vehicle 
% Project Big Bertha 11/27/2014 
  
%% Input Known Variables 
clear all; clc; 
  
Vm = 5500; % pounds  mass of the vehicle 
Vmru = 700; % pounds mass of the vehicle under the coil springs 
Trr = 20; % inches radius of the tire 
WB = 110; % inches wheel base (distance between the left and right tire) 
Cgh = 25; % inches Z coordinate of the vehicle’s center of gravity 
  
% Upper Link Analysis 
  
z = 29; 
FECRU = [38 16 z]; frame end coordinates for the right side upper link   
FECLU = [38 -16 z]; frame end coordinates for the left side upper link   
 
  
AECRU = [0 3 28];  axle end coordinates for the right side upper link 
AECLU = [0 -3 28]; axle end coordinates for the left side upper link 
  
Vector = [FECRU(1)-AECRU(1), FECRU(2)-AECRU(2),FECRU(3)-AECRU(3)]; 
Length = sqrt(Vector(1)^2 + Vector(2)^2 + Vector(3)^2); 
UnitVector = [Vector(1)/Length, Vector(2)/Length, Vector(3)/Length]; 
  
[Intercept,~] = lineIntersect3D([FECRU;FECLU],[AECRU;AECLU]); 
  
Iulz = 28; % inch  Z coordinate intersection point for the upper links 
HSul = (FECRU(3)-AECRU(3))/FECRU(1)-AECRU(1); % inch/inch  horizontal slope 
of the line between the frame end and axle end coordinates for the upper 
links 
  
% Lower Link Analysis 
  
FECRL = [49 12 23.5]; frame end coordinates for the right side lower link   
FECLL = [49 -12 23.5]; frame end coordinates for the left side lower link   
  
AECRL = [3.75 23 19]; axle end coordinates for the right side lower link 
AECLL = [3.75 -23 19]; axle end coordinates for the left side lower link 
  
VectorL = [FECRL(1)-AECRL(1),FECRL(2)-AECRL(2),FECRL(3)-AECRL(3)]; 
LengthL = sqrt(VectorL(1)^2 + VectorL(2)^2 + VectorL(3)^2); 
UnitVectorL = [VectorL(1)/LengthL, VectorL(2)/LengthL, VectorL(3)/LengthL]; 
[InterceptL,~] = lineIntersect3D([FECRL;FECLL],[AECRL;AECLL]); 
Illz = 18.6271; % inch Z coordinate intersection point for the lower links 
HSll = (FECRL(3)-AECRL(3))/(FECRL(1)-AECRL(1)); % inch/inch  horizontal 
slope of the line between the frame end and axle end coordinates for the 
lower links 
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%% Calculation of Anti-Squat as a percentage 
  
ICx = (Iulz - Illz)*((-1)/(HSul - HSll));  X coordinate of the instant center 
of the upper and lower links 
ICz = (HSul*ICx) + Iulz;  Z coordinate of the instant center of the upper 
and lower links 
AScg = ((Cgh*Vm) - (Vmru*Trr))/(Vm - Vmru); Anti-squat center of gravity 
  
AS = (ICz/ICx)*(WB/AScg)*(100);  Anti-squat as a percentage 
  
disp('Anti-Squat Percentage:') 
disp(AS) 
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Appendix F: Final Design Decision Matrix 
 
Decision Matrix 
Design Option 
D
es
ig
n
 1
 
D
es
ig
n
 2
 
D
es
ig
n
 3
 
R
at
e 
o
f 
Im
p
o
rt
an
ce
 
C
h
ar
ac
te
ri
st
ic
s 
Footprint 1 3 3 5 
Range of Anti-Squat 5 5 5 3 
System Safety 5 2 4 5 
Ease of Fabrication 1 2 3 3 
Feasibility 2 2 3 4 
Reliability 4 2 4 4 
Cost 1 3 3 2 
Total 74 68 93   
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Appendix G: Task Specifications 
 
Rear Suspension 
• Suspension BUMP to DROOP must attain 50:50 Suspension Travel (will it change with 
Geo) 
• Must articulate 18”-30”  
• 2 upper links, 2 lower links, 8 Heim joints 32 deg of motion 
• 40 x 12.50 x 15 (tire dimension due to supplies) 
• 23-26” ground clearance @ ride height from transfer case pan 
• 110” wheelbase 
• Center of Gravity must not exceed 25” 
• Top links: 50deg @ Differential 
• 2” coilover spring external reservoir, adjustable 
• Rear Differential must be Z inches long 
• Suspension design should utilize a slight understeer at its “normal” setting 
• Lower links must sit at an angle X from the differential 
The upper links must be mounted on the rear differential and frame rails 
• The lower links must be mounted on the rear differential and universal design forward of 
rear differential 
Universal Design 
• Hydraulic Actuation 
• Independent vertical and horizontal motion among frame-end lower links 
• Utilize actuators to determine horizontal and vertical motion 
• Vertical motion +3.25”, -5.3” to gain the best Anti-Squat 
• Horizontal motion: +2.5”, -2.5” 
• Actuators rated minimum 10,000psi (average forces, calculations) 
• 1 actuator @ 8.55+” travel total 
• 1 actuator @ 5+” travel total 
• Compact size: 15” x  7” x 6” (Width, Height, Depth) 
• Must use an actuator to produce motion 
• Mounts must allow for a specified range of motion 
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• Range of motion should allow for a large range of anti-squat and anti-roll 
• Motion should not allow suspension links to bind 
• Motion must be based on information provided from operator interface 
 
Cockpit Interface 
• Must be easy to read and intuitive in nature 
• Must provide an uninhibited means of communication with actuators (direct, no 
interference issues with frequencies etc.) 
• Must include several preset modes for operator selection 
• Must address all variables associated with geometry changes 
• Must allow operator to adjust suspension geometry “on-the-fly” 
• Must allow for immediate and exact adjustments 
• Interface must be clear and easy to use 
• Interface must include labels of the motion available (max and min range and distance 
changed from those ranges) 
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Appendix H: Acceleration Test Charts 
 Each of the charts below plot the vertical position of the area of interest (in millimeters) 
vs. the frame of the video footage. Annotations were added to break the charts into subsections 
and simply the task of comparing the individual test data. For each of the charts below the legend 
acronyms stand for the following: 
CoBY = Center of Battery (Y movement) 
LoRAY = Left of Rear Axle (Y movement) 
RoRAY = Right of Rear Axle (Y movement) 
CoRAY = Center of Rear Axle (Y movement) 
 
 
Figure 47: Unmodified Vehicle during the Acceleration Test 
99 | P a g e  
 
 
Figure 48: Modified Vehicle at Bottom Setting during the Acceleration Test 
 
Figure 49: Modified Vehicle at Top Setting during the Acceleration Test 
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Appendix I: Slope Test Charts 
 Each of the charts below plot the vertical position of the area of interest (in millimeters) 
vs. the frame of the video footage. Annotations were added to break the charts into subsections 
and simply the task of comparing the individual test data. For each of the charts below the legend 
acronyms stand for the following: 
CoRWY = Center of Rear Wheel (Y movement) 
RoFY = Rear end of Frame (Y movement) 
FoFY = Front end of Frame (Y movement) 
 
 
Figure 50: Unmodified Vehicle during the Slope Test 
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Figure 51: Modified Vehicle at Bottom Setting during the Acceleration Test 
 
Figure 52: Modified Vehicle at Top Setting during the Acceleration Test 
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Appendix J: Terrain Test Charts 
Each of the charts below plot the vertical position of the area of interest (in millimeters) vs. the 
frame of the video footage. Annotations were added to break the charts into subsections and 
simply the task of comparing the individual test data. For each of the charts below the legend 
acronyms stand for the following: 
CoRWY = Center of Rear Wheel (Y movement) 
RoFY = Rear end of Frame (Y movement) 
FoFY = Front end of Frame (Y movement) 
CoBY = Center of Battery (Y movement) 
LoRAY = Left of Rear Axle (Y movement) 
RoRAY = Right of Rear Axle (Y movement) 
CoRAY = Center of Rear Axle (Y movement) 
LoBY = Left of Battery (Y movement) 
RoBY = Right of Battery (Y movement) 
 
 
 
Figure 53: Unmodified Vehicle during the Full Terrain Test; Filmed from the side 
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Figure 54: Modified Vehicle at Bottom Setting during the Full Terrain Test; Filmed from the side 
 
Figure 55: Modified Vehicle at Top Setting during the Full Terrain Test; Filmed from the side 
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Figure 56: Unmodified Vehicle First Block; Filmed from the back 
 
Figure 57: Modified Vehicle Bottom First Block; Filmed from the back 
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Figure 58: Modified Vehicle Top First Block; Filmed from the back 
 
Figure 59: Unmodified Vehicle during the First Half Moguls; Filmed from the back 
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Figure 60: Modified Vehicle Bottom Setting during the First Half Moguls; Filmed from the back 
 
Figure 61: Unmodified Vehicle during the Second Half Moguls; Filmed from the back 
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Figure 62: Modified Vehicle Bottom during the Second Half Moguls; Filmed from the back 
 
Figure 63: Modified Vehicle at Top during the Second Half Moguls; Filmed from the back 
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Figure 64: Unmodified Vehicle during the Staggered Logs; Filmed from the back 
 
Figure 65: Modified Vehicle Bottom Setting during the Staggered Logs; Filmed from the back 
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Figure 66: Unmodified Vehicle during the Rocks in the Terrain Test; Filmed from the back 
 
Figure 67: Modified Vehicle Bottom during the Rocks in the Terrain Test; Filmed from the back 
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Figure 68: Modified Vehicle Top during the Rocks in the Terrain Test; Filmed from the back 
 
